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1 Executive Summary tral region (5—8um) is completely inaccessible from the
ground. Finally, the precursor SIRTF mission will have

Extending the capabilities of NGST into the mid-infrareB° Nigh resolution spectroscopic capability’ox 10pm.
(MIR) would vastly enhance the ability of the observal € 5—1Qum spectral band is thus both a natural extension
tory to resolve key scientific questions. The areas m&&tNGST's core cosmological mission concept, and an
directly impacted by an MIR capability on NGST includé‘reaWh'Ch will remain quite underdevelopeq spectroscop-
the genesis and evolution of galaxies, the nature of lurffi@!ly even a decade from now (except for inroads made
nous galactic nuclei, the star formation process, the I SOFIA). Itis also a natural extension to lower resolu-
cycle of dust grains, the evolution of circumstellar partiéion SIRTF imaging at 3.5-8m. Thus a sensitive MIR
ulate disks, and the detection of thermal emission frdf@Mmera/spectrometer covering at least the J#i@ange,
planets around nearby stars. These topics can be sumiif} @ spatial resolution of order 0.12 — 0:25ill enable
rized as the formation of galaxies, of stars, of planetafyévelutionary step forward in highstudies. NGST'’s
systems, and of the building blocks of life. The range §79€ mirror will provide an MIR spatial resolution com-
topics which can be tackled with an MIR capability oRarable t(_) that of thg Hubble Space Telescope in the NIR,
NGST is thus quite broad, and it is crucial to note thit€ VLA in the radio, and the ALMA (Atacama Large
several of these topics canly be resolved with an MIR- Mllllmeter Array) at millimeter wavglengths, aIIovylng a
capable NGST. This report details the wide range of scidfgtailed comparison of star-formgtlon and galactic struc-
tific issues for which an MIR capability on NGST is crulure tracers over seven decades in frequency.

cial, presents a flexible design concept for an MIR cam-

era/spectrograph, and explores the critical area of coolin However, high-redshift science is by no means the

detector arrays to operating temperatures below the NG\gaole s'Fory, as several areas Of galgctu; science are
egtually, if not more, promising for investigation by NGST

passive cooling regime. In order to fully separate camer. Igje MIR. The processes regulating star formation, and

. in
and cryocoolerissues and costs, cryocoolers are addre%ﬁg brigin and evolution of particulate disks and plane-
tary systems around nearby stars are both topics for which

in a self-contained appendix.

In this report, we take the MIR as the 5-@h wave- |onger wavelength MIR observations will be essential, be-
length range (sensitivities degrade to longer wavelengthgyse thermal emission from dust grains cooler than room
so those are not considered here). Within this range, S@Mnperature rises rapidly to longer MIR wavelengths. For
eral detector possibilities exist on the NGST timesca@(amme, the spectacular dust ring seen around the star
with varying cutoff wavelengths and cooling needs, so W§r4796 (cover figure) was discovered by means of its
also seek to elaborate exactly which MIR wavelengths gfarmal MIR emission, and only later coronagraphically
most crucial for the various categories of science, t0 §faged by the HST in the NIR. Such discoveries are likely
able the most appropriate and cost-effective capabilitiggo|low in rapid succession, as fainter disks and more ob-
to be implemented. Generally speaking, the astrophysiggiired star-formation sites are systematically discovered
investigations which an MIR capability enables fall intgnq studied. SIRTFE will lay the groundwork in this area,
two categories: rest-frame MIR emission processes in i€ the far-infrared (50—10@m) will be a very sensitive
local universe, and intrinsically shorter-wavelength emigxcer of faint dust disks. Although SIRTF will be ideally
sion which cosmic expansion has redshifted into the MIRited to the discovery of such systems, its limited spa-

Short MIR wavelengthsy 5-10pm, are especially im- tial resolution will be inadequate for detailed studies of
portant to high-redshift (higla} science for several rea-the structures and evolutionary states of these disks (while
sons (notezz= AA/A). First, 5um is not a true physical ALMA will likely be sensitive to the cooler, larger-scale
limit from the point of view of cosmology: cosmic ex-emission regions). NGST can excel in these areas, but
pansion redshifts a large part of a galaxy’s familiar restnly if it operates out tox 30 pm, its longest feasible
frame near-infrared (NIR) emission into the MIRby 3, MIR wavelength, and only if it includes an MIR spec-
and even the H line, the strongest emission feature itrographic capability. In particular, as 1ISO has shown,
the visual spectrum of most galaxies, shifts into the MIfRe constituents of dusty disks can be identified by means
by z=6.6. Second, since a significant fraction of high-of their MIR vibrational bands. The vastly higher spa-
galaxies are likely to be dusty, the MIR (i.e. the redshiftal resolution of NGST, in comparison with both ISO and
NIR) will be vital for peering through the obscuring dustSIRTF, can then be used to go the next step: by mapping
in order to measure true star-formation rates and the ame distributions of the minerals present in circumstellar
bient star-forming environments at early epochs. Thirdisks, the different thermal and chemical regimes present
in contrast to the NIR, the majority of the 5—ih spec- can be minerologically delineated. Even higher spectral



resolution (R =\/AA ~ 1000 — 3000) observations of the?2 ~ Scientific Goals

H> molecule can also be used to trace the gradual dis-

appearance of the gas phase as disks evolve into planetaly The Genesis and Evolution of Galaxies:
systems. The combination of high spatial and spectral res- Unveiling the Hidden Universe with an
olution which NGST can provide can thus revolutionize MIR NGST

our view of the formation and evolution of solar systems,

and NGST may well see in action the processes whiete of the grand scientific themes of NGST, and of
ruled the development of our present day solar systemNASAs “Origins” program as a whole, is understanding

A brief report such as this cannot address every 48¢ genesis and evolution of galaxies, the main building
pect of MIR science made possible with an MIR-capab‘RéOCks of the Universe. The task of cosmology in the com-
NGST. In the following we therefore attempt to provide B9 decades will be to observe this cosmic history directly,
coherent framework wherein most of the foreseen scieft@m 2= 1 to z> 10. Operationally, this will require

can be captured. To this end we have identified seven t§54dying the conversion of interstellar matter into stars in
ics in which MIR NGST observations are crucial: extremely distant objects. This is the fundamental cos-

mic event which leads to the formation of stellar/planetary
systems, and to the synthesis of all elements heavier than
e Finding and identifying higreMIR-bright galaxies, Helium. To accomplish its mission of understanding the
in order to determine the true star-formation rate fist generation of stars and the birth of galaxies, NGST
early epochs. will need to observe beyord= 5 pm.

1000.0F  ~ T T T
e Using MIR spectroscopy to evaluate the galactic ;

environment in early star-formation sites (includ-
ing a determination of the role of central accretion

100.0 _
sources). : f

e Establishing the nature of the stellar populations
present at early epochs.

vI(v) (nW m™?sr™t)

e Delineating the chemical lifecycle of particulate
dust, from its origins in the outflowing embers of
dying stars, to its incorporation into new planetary
systems.

0.1 TR BT SRR S|
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e Peering deep into the hearts of cold molecular clouds

in order to trace the process of protostar format'onFigure 1: Extragalactic background spectrum from the

UV to the mm. The long-dashed line (S) represents a dust-
e Examining dust disks around nearby stars, in orderftee model with a cosmic star-formation rate as deduced
place our solar system into an evolutionary contexfrom UV-optical observations alone. (Courtesy E. Dwek)

e Surveying the local neighborhood for the colde§t Itn the Io?tal Udi(tarss, reglonfhofmgh star;formattmn ac-
brown dwarfs and for extrasolar planets. ivity are often dusty, because the youngest, most massive

stars are found close to the molecular clouds out of which
they formed. A large fraction of the stellar UV/optical
Section 2 addresses each of these seven topics in tuminosity is therefore absorbed by, and heats up, dust
The discussion makes clear that the “discovery space’grains in the surrounding clouds. As a result, galaxies
NGST can be very significantly enhanced with an MIRith the highest star formation rates tend to emit progres-
capability, even allowing for the flood of information prosively larger fractions of their luminosities in the thermal
vided by precursor and coeval missions such as SOFIR, This reaches extreme conditions in Ultraluminous In-
SIRTF, ALMA, and large ground-based optical, infraredrared Galaxies (ULIRGs) wherein more than 90% of the
and submillimeter telescopes. luminosity emerges in the MIR and far-infrared (FIR).



The discovery of dusty galaxies at higlwith SCUBA tribution is atz ~ 2 (Fig. 3), and even without evolution
and ISO suggests that large populations might remain @at-higherzs, there will be a significant higl-tail: over
discovered in UV-visual surveys, and that perhaps or890 galaxies at 1fim and 40 at 2um with z> 4. New

a minority of the UV luminosity generated by star forpopulations of dusty objects at highwill thus be easily
mation at high redshifts is detected at all. Indeed, uletectable in even a single deep NGST exposure. Simul-
to half of the expected energy release by nucleosyntt@ieous observation of both passbands would of course
sis throughout cosmic time reaches us at FIR and long@timize efficiency.

wavelengths (Fig. 1), implying that star-formation rates
inferred from UV and optical observations alone under- , £
estimate the true star-formation rates by at least a factorz ,, -
of two (Dweket al. 1998). Thus, the obscuring effects of
dust must be taken into account at hight least as much
as inthe local Universe, and so an NGST limited solely to z 2o
shorter NIR wavelengths might completely miss much of o Ty e
the star formation in the Universe. @ (redshift)
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Figure 3: Redshift distribution of the simulated galaxy
field of Fig. 2. Note the significant number of objects at
z>4.

With multi-wavelength observations, the higltandi-
dates may be identified as Lyman-limit or Gunn-Peterson
dropouts, in a manner similar to the detection of Lyman-
break objects az ~ 3. Fig. 4 shows the number of
high-z objects detectable per field-of-view beyond red-
shifts ofz=5, 7, and 10, in both the NIR and MIR, for
the higher star-formation efficiency model of Haiman &
Loeb (1998). Although the number of expected galaxies
is high in both bands, the MIR is optimal for detecting
young quasars (assuming the average quasar spectrum of
the Elviset al. 1994 sample, which has an absolute in-
trinsic flux increasing withh to the FIR). Of course, a
detection of sources in both the NIR and MIR would be

. ) ) ) ) invaluable in studying bolometric outputs, and the effects
Figure 2: Simulated T0sec MIR integration with a 1k x of internal dust.

1k detector array covering 70 Blue represents 1am,
and red 25um. The blue color of most galaxies indicate
that they are detected most strongly at|ifl. Galaxy
sizes follow the HDF-South data (Gardmtial. 1999). In
10° sec, the field contains 850 galaxies ath® (to 100
=17 nJy) and 145 galaxies ati#8 (to 400 nJy).

What kinds of galaxies will these be? As the universe
Sools after the Big Bang, the ionized plasma eventually
recombines to form a neutral H/He gaszat 1000, and
photons from this last scattering surface (LSS) form the
Cosmic Microwave Background (CMB). However, this
neutral gas must have been reionized, as observations of
guasars out t@ ~ 5 reveal no evidence of absorption

To quantify what an MIR-capable NGST would see, wehortward of rest frame Lg by intervening neutral in-
simulated expected 10 and B galaxy counts with the tergalactic H (the Gunn-Peterson effect). On the other
empirical model developed for WIRE (Xet al. 1998). hand, reionization must have occuredzat 40, as oth-
The model starts with the properties of galaxies detectedvise photons from the LSS would scatter off free elec-
by IRAS, and computes fluxes and colors at higher trons, erasing the observed CMB anisotropies. The most
The model assumes luminosity evolution increasing keely explanation for reionization is photoionization by
(1+2)3% to z= 2, and then no evolution fa> 2. With the first generation of galaxies and quasars. Popular Cold
these conservative assumptions, & $6c NGST image Dark Matter (CDM) cosmologies predict the collapse of
will detect about 850 galaxies at ith and 150 galaxies atthe first baryonic objects as earlyas 30 on a mass-scale
25pumin a 70 field (Fig. 2). The peak of the red-shift disjust above the cosmological Jeans mas$(® M. These



a2 % oy 28 24 22 epochs. MIR spectroscopy offers a set of complementary

[ " " figh_Redsnift Galaxies 'z > 57,10 | probes of the interstellar environmentin these (and other)
= | Mid—IR (6-10 pm) ] galaxies, which can be used to delineate a galactic ecosys-
&t "o NeartIRUZSS wm) tem’s characteristics. Above a redshiftof 1 — 3, rest-

%\E}} | SIRTF : frame MIR features pass out of the observing window un-
5:; I N ] der consideration, but they are replaced by stronger, rest-
<0 e = ] frame NIR and eventually optical lines which afford fur-
N NI ther opportunities to study the ionizing sources, the ISM,
: * and the stars themselves in dusty galaxies (Fig. 5).
32 30 28 26 24 22
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Figure 4. Comparison of detectable nhumbers of tigh-
starbursts and quasars per FOV, assumed here fod# 2
in the MIR and 4x 4’ in the NIR.

15 20
Wavelength (um)

condensations are expected either to fragment into stars to
form the first “minigalaxies”, or to develop massive cerFigure 5: Redshift ranges over which selected strong NIR
tral black holes, to turninto the first “miniquasars” shiningpectral features shift into the MIR
by gas accretion. Observational detection of these first lu-
minous objects wquld be amajorbreakthrough, prPVidi’P@ne-structure lines. At low redshift ¢ < 1), an MIR
important constraints on theories of galaxy formation. spectrometer on NGST will provide a sensitive probe of
the nuclei and circumnuclear environments of merging,
2.2 MIR Spectral Diagnostics of Galactic dusty galaxies t.hrough measgrement of atomic fine struc-
Ecosystems ture line flux ratios. Because lines such as [Nell] 12n8
[NeV] 14.3um, [Nelll] 15.6um and [SIII] 18.7um (see
Luminous infrared galaxied (r > 5 x 10! L), while Stockmaret al. 1997 for a more complete list) suffer 1-2
rare in the local Universe, may actually be ideal laborgrders of magnitude less extinction than optical lines, and
tories in which to study the processes of galaxy buildifver a wide range in excitation, they are ideal tracers for
and rapid star formation. These galaxies are nearly @xcitation conditions in obscured sources. Fig. 6 (Mirabel
ways comprised of interacting or merging spiral systeng§,al. 1998; Laurenet al. 1999) provides an excellent ex-
and since they are extremely dusty, it is critical to otgmple of the role MIR spectroscopy has to play in under-
serve them at the longest possible wavelengths to uncost@nding star formation in colliding systems, and in par-
buried nuclear energy sources, and to understand thetiglar, in a system that does not even appear to be highly
ergetics and dynamics of the interstellar medium (ISMpscured. Although the optical image in Fig. 6 seems to
as it responds to the galactic merger and the tremendptgvide a fairly detailed view of the star formation oc-
energy input via photoionization and large-scale shockslring in the merging Antennae system, the ISO MIR line
While the trigger for producing extremely luminous, stagnd continuum data show otherwise: as the spectra reveal,
bursting galaxies at the highest redshifts may not be idé@significant region of warm dust emission with no optical
tical to that at lowz (namely the merger of two well-counterpart whatsoever actually harbors the most massive
formed spirals), the net effects of cycling large amour@$the young stars!
of raw material through several generations of stars in aSince the NIR and MIR contain fine structure lines
relatively short time, and depositing huge amounts of eover a large range in ionization potential, MIR spec-
ergy into the ISM, may be quite similar at early and latieoscopy can also be used to discriminate between hot



stars and AGN as the dominant energy source in ob- 82
scured galactic nuclei (Fig. 7). Fine structure lines in ool (tarburst Galaxy)
such systems are typically narrow (10800 km s'1) and F
thus well matched to a spectrometer with a resolution of
R= 1000— 3000.
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Figure 7: Comparison of MIR starburst and AGN spectra.
A Much higher excitation line emission is seen in the latter
o ] (Moorwoodet al. 1996, Sturnet al. 1999).
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environments surrounding an active nucleus (Fig. 8). The

Figure 6: 1ISO MIR map superposed on an HST image [6#v resolution mode (R = 100) of an MIR spectrometer on
the Antennae. The spectra at bottom show high excitatid@ST would be well suited to measuring these features to
[Nelll] from an optically-obscured MIR emission knotVery low fluxes (high#s).

thereby revealing the location of the most massive stars. __ . . . . . .
(Courtesy F. Mirabel & O. Laurent). E STARBURST + AGN B + (i) (12

4B uiB (7.7)

uIB (11.3)

Together, the fine structure and PAH (next section) fea-
tures offer valuable tools with which to understand the _
energy generation mechanisms in dusty galaxies, as re<
cently demonstrated by ISO observations of a small sam—é
ple of the nearest ULIRGs (Genzatlal. 1998, Lutzet al.
1999). However, even ISO had great difficulty detecting
fine-structure lines (equivalent widths o4 x 10~2um)
in systems atz 0.1, requiring many hours of integration
time per source. SIRTF will be able to detect these lines .
in ULIRGs outtoz~ 1, butonly NGST will be able to ob- A (um)
tain spectra of the far more numerous dusty galaxies with
Lir ~ 10*L, at these redshifts, and to obtain spectra Bigure 8: Comparison of AGN and Starburst spectra (Lau-
even higher redshifts. rentet al. 1999).

PAHs. The broad (up to a fewm wide) polycyclic aro-

matic hydrocarbon (PAH) emission features from small The broad dust (and narrow atomic) features can also
grains are a very sensitive probe of the ambient enellgg/used to measure redshifts for obscured, dusty systems
field, because the grains are easily destroyed in the hatsdt cannot be studied effectively in the optical. Since the

[Nelll] (15.6)
|

Silicate
absorption

AGN 3

Ok 1 1 1 1 1 1




PAH features are very broad and can be strong in starburst R'x2’ FOV, §/N=10, t=4.6 days
galaxies (Fig. 8), they may also function as photometric B A
redshift indicators. This was intended to be the funda- — Ha ]
mental method used to select moderate redshift ULIRGs [ -~ HRB 1
in the WIRE database, and will be one way the MIPS in- 1000 L T~ i
strument on SIRTF will find such systems at higH4ow- ]
ever, it is very important to realize that while the SIRTF I AN
cameras will be able to find ultraluminous and “hyperlu- 100 . 4
minous” (Lpo > 10'3L ») galaxies at 2 1—5 and maybe RN ]
even beyond (thed point source sensitivity of MIPS at [ N ]
25um will be ~ 0.1 mJy in 1 hr), only NGST will have 10k I .
the sensitivity to obtain spectra of these sources, and per- i N \ ]
form a study of their energetics and evolutionary states. [ fae=1.7% \ ]
NGST can reach levels that are a factor of 100 deeper, 1E \ . 4
with arrays having 100 times more pixels. At low res- 5 10 15 =0
olution, NGST will be able to measure the MIR PAH z

features in ULIRGs to 2 3, and hyperluminous infrared_. ] .
galaxies (1> 103L,) at redshifts of z 5— 10 using the Figure 9: Number of potential ld-sources per FOV. The

3.3um feature. In fact, the projected sensitivity of a Imﬁlecl)é g:gisthtg rtﬁ?nggm‘glirn Ofozagg'd:éﬁogifxﬁlessli ;n a 2-d
resolution NGST spectrograph operating afu5s well ' 9 P grap '
matched to the limits of the deep imaging surveys in-

tended for MIPS on SIRTF. . :
under the assumption that these systems are pre-enriched
Atomic H Lines. Although more susceptible to extinchy the nucleosynthesis products of the hightars. In
tion than MIR features, NIR lines still offer an order othese models, with an integration time ok4.0° sec, the
magnitude decrease in the effects of extinction as coRl-u line may be detectable in galaxies outto the 5-10
pared to UV and optical lines. Strong hydrogen recombiange (Fig. 9).
nation lines such as the Pascheg. = 3) and Brackett | aqdition, because H lines are permitted transitions,
(Niower = 4) series provide a direct measure of the ioniziRgey can arise in very dense regions near the galactic nu-
flux, and thus the star formation rate (SFR), in galaxi%ﬁeusl marking the location of an AGN with the large
over a wide range of redshift. The NIR lines fill in théne widths & 1084 km s indicative of gas moving
critical redshift range of = 1 3, where it has been sugin the potential well of a massive black hole. Since H
gested that the overall SFR in the Universe levels off gres are generally narrow in starburst galaxies without a
declines. The recombination line flux ratios also provideantral AGN (100- 300 km s°1), high resolution spectra

a direct measure of the extinction to the energy source(®> 1000) can distinguish normal galactic rotation from
and so a route to the true galaxy luminosity. Potentialy{otions near a massive black hole.

even more interesting, the strong opticat khe also en- Molecular H» lines. The rest-frame NIR also contains

ters the MIR forz > 6.6. Because Lyx is absorbed by sensitive probes of other phases of the ISM. A large num-

the neutral IG.M’ th? Lya Img W.'” b_e unavailable for ob- ber of H, lines from 1..um to 2.3um allow for studies
serving galaxies prior to reionization. On the other han the warm molecular gas that is ubiquitous in luminous

Balmer photons are unaffected by large amou_nts of nedfé'galaxies. Nearby IR galaxies contain large amounts
tral H, and these lines are thus of paramount iImportange., o jar gas (traced in its cold, dense state via mm
n ﬂndmg_ gaIaX|es. beyond thg_ epogh of re|on|zat|on,. a'?r%msitions of CO) which, because it is highly dissipative,
in obtaining redshifts. In addltlpn, since the Balmgr IInE:ssettles in the evolving potential well of merging galaxies
are less affected _by _dus_t than is tiyhey als_o provide a and produces stars at fantastic rates{100 Myyr—1).
cleaner probe of ionization and star formation rates. Measurement of the Hines would allow an estimate of
Fig. 9 shows the number of potential sources availalthe mass of warm molecular gas in higlgalaxies, and
in a 2 field as a function ofz (Oh 1999), in the high- a determination, via the line ratios of rotationally and vi-
redshift semi-analytic models of Haiman & Loeb (1998hrationally excited features, of the heating mechanism(s).
Star formation efficiencies are adjusted to reproduce thiee line ratios can be used to differentiate between excita-
observed metallicities of the Lg-forest atz= 3 (i.e,, ~ tion via X-rays or UV photons, or the action of fast shock
1.7 to 17 % of the galaxy gas mass fragments into stansgves.

N(>z)




Fe lines. The NIR is also home to six [Fell] lines in the2.3  Stellar Populations and Galaxy Mor-
1.25um — 3um region, which function as tracers of the phology

energetics of the ISM. While most of the Fe in quiescent

galaxies is locked up in grains, making these lines refAd MIR-capable NGST also has a critical role to play
tively weak, in galaxies with rapid star formation, the NIf the measurement of young and old stellar populations
[Fell] lines can be very strong because shocks (from d0-galaxies, and in the definition of galaxy morphologies.
pernovae, large-scale winds, or galaxy collisions) destrMQSt galaxies are made up of a mix of stellar populations,
the grains and heat the Fe-rich gas. Thus, strong [Félf fraction of young and old stars changing both with red-
emission is an excellent tracer of very energetic activigfift (age) and Hubble type. The young stars can be mea-
in galaxies. In a sample of dusty, possibly merging galasJred directly in the UV (if unobscured), or inferred spec-
ies at highz, the [Fell] lines will pinpoint those sourcedroscopically from their effects on the surrounding ISM
with the largest supernovae rates and the strongest daain Sect. 2.2). To see the old stars, however, it is crucial
flowing winds. Used in concert, thestand the [Fell] lines t0 sample the rest-frame NIR spectrum of a galaxy, where
will provide much needed insight into the processes white 1.62 and 2.2@m CO bandheads lie, and this can only
regulate star formation in galaxies at high redshift and tR€ achieved in the MIR for galaxies at cosmologically in-
methods by which galaxies transport energy and chengitesting redshifts. Such measurements are very impor-

cally enriched material into the intergalactic medium. tant for studies of the evolution of many different types of
galactic systems: In galaxies selected to be young, (

Lyman break galaxies) one can search for old stars that
Galactic Ecosystem Tracers would signal a previous major episode of star formation.
‘ ‘ ‘ In systems known to be old, or where a massive galaxy is
likely already in place€.g, high redshift radio galaxies
and/or QSO hosts) one can search for evidence of signif-
icant young stellar populations (also by means of the CO
bandheads) that may have been triggered by the passage
of radio jets or the merger of galaxies.

log Spectral Resolution

" | steller 60 | bf Imaging. At this point, the Lyman break technique
— j ouam st has generated hundreds of galaxies at redshifts -ef
= 2.5—-4.0. As this technique is pushed to longer and longer
" 5 10 5 20 wavelengths over the next few years,d, B, R, and I-

redshift

band dropouts), the numbers of known galaxies in the
Figure 10: Desired instrumental resolving power for the= 4 — 7 range will greatly increase. Presently, the break
various spectral features discussed. The colors indicagehnique naturally selects for UV-bright, blue galaxies,
the following features — black: stellar CO, red: NIR [Felland therefore is very good at finding rapidly star-forming
lines, green: low ionization optical lines of [Ol], [NII], systems (with some AGN sprinkled in as well). Since the
and [SII], blue: NIR PAH features, cyan: NIRzHines, redshifts of these galaxies are close to those during which
magenta: H-recombination lines large galaxies were still being assembled, it is natural to

ask whether or not the break galaxies are going through

their first episodes of star formation, or whether we are
Spectroscopic Requirements. All of the spectral fea- seeing large bursts on top of pre-existing stellar popula-
tures discussed can be used in concert to assemble atioms. The former would be considered as more “primeval
herent picture of “galactic ecosystems” at early epoclumlaxies” while the latter might be more like ULIRGS in
when starbursts and galactic mergers were creating teens of their star formation rates (although probably not
range of disk and elliptical systems we see today. To mastdusty). Therefore, it is critical to observe these sources
these goals, a combination of low{R50— 100) and high at wavelengths well beyond those used to find them in
(R~ 1000— 3000) resolution spectroscopy covering thihe first place (the rest frame UV) because that is where
full 5-30 um region is called for (Fig. 10). Through carethe old(er) populations will dominate the integrated light.
ful measurement of the MIR and rest-frame NIR emissidrhe best place to look for old stellar populations is in the
features from atomic and molecular gas and dust, NG83t frame H or K bands. In Fig. 11 we show the WFPC
would then be able to delineate the star-formation processl NICMOS images of a faint galaxy in the Hubble deep
at the earliest epochs, which led eventually to the varidigld (Thompsoret al. 1999). The rest-frame optical emis-
of structures seen along the Hubble sequence today. sion clearly gives a very biased and incomplete picture



of this galaxy: it completely misses the central, bulgéhe bulge surface brightness. The physical sizes of local
like feature so prominent in the NIR. The resulting mobulges é.g, in M31) are~ 4 kpc, which at z4 corre-
phological disparity can be dramatic at highmaking an sponds to an angular size of :%’. Such bulges can
MIR capability critically important. be resolved with NGST, enabling the study of their light
distributions, which may provide important (dynamical)
information on when and how bulges form.

Finally, as touched upon earlier, the contribution of
accretion-powered energy from AGNSs to the total energy
density of the universe remains an outstanding unsolved
problem, as are the related issues of the first generation
of AGNs and the co-evolution of massive black holes and
galaxies. Star formation is most often the source of the ra-
diation that heats the warm dust in galaxies, but in active

Galaxy in the Hubble Deep Field Hubble Space Telescope SyStemS7 an AGN can heat dUSt tO V.ery Warm.temperatures

PRC98-32b - ST Scl OPO « R. Thompson (University of Arizona) and NASA and generate bIackbody spectra which peak inthe MIR. In

cases where most of the energy is produced in a small vol-
Figure 11: Rest-frame B and NIR images of a faintme (most active galaxies as well as ULIRGS) it is impor-
galaxy in the HDF, highlighting the very different stellatant to have the highest possible spatial resolution to cor-
populations traced at each wavelength. Image courtesgtly assign the relative fraction of energy produced by
NASA/STScl. hot stars and an AGN. In section 2.2 the means by which
. . MIR spectroscopy can unearth buried power sources was

While the Lyman-break galaxies are a good examplgsscrined, but high resolution MIR imaging has an impor-
the same arguments apply to any galaxieg at2 —3, (antrole to play here as wek(g, Fig. 12). Since an AGN
even the host galaxies of AGNe.g, QSO's and radio jg pasically unresolved, while a starburst will extend from
galaxies). It will be easier to detect the host galaxies aggderal hundred pc to a few kpc in diameter, the size of
measure the old s'FeIIar populations (if they gxist) in theﬁ?e warm dust region in the nucleus of an active galaxy
presumably massive systems by using a high-resolutiogy, girectly constrain the energy source. In this manner,
MIR camera on the NGST. The old stars should not oné)h MIR imager becomes a very powerful tool for probing
be present, but they may also have a “relaxed” stellar digg central regions of dusty galaxies, and for determining

tribution, similar to an elliptical galaxy today. A luminousynether the energy is deposited by central accretion or by
old stellar population with a relaxed stellar light distriyOung hot stars.

bution at highz makes a strong argument for a massive
galaxy already in place at high-and this, in turn, places NGC 5506
very strong constraints on the cosmology within which
these systems were assembled. For example, Begtitez HST MIRLIN
al. (1999) report the detection of a substantial population
of 1 < z< 2 early-type galaxies with oldX 2 Gyr) stellar
populations, based on recent NICMOS & VLT observa- | i
tions of the HDF-South field. "
Even if old, fully-assembled galaxies at> 3—5 are
not found, it still might be possible to detect sub-galactic
building blocks which formed first,e., bulges, and con- B
strain their formation epoch. As discussed above, the bes 10 1o
way to find aging bulges at significantis in the MIR, HST Central magnitude IRAS 12pm flux =1250 m|y
where the old stars peak and the extinction is at a min- ~ Teltw=1%41 ¥ MIRLIN 10pm flux = 820 m]y
imum. Local bulges have K-band surface brightnesses B
of 16 mag arcset?, corresponding to 25QJy arcsec?.
At z=4, given the cosmological dimming factor, )3, Figure 12: NGC 5506 is a spectacular example of an opti-
the surface brightness of these bu|ges will be2 IJJy Ca”y invisible AGN being revealed in the MIR. The image
arcsec? or 0.08uJy/beam, shifted to the ffh band. This On the left is from HST, and the right-hand image from the
10um surface brightness should be detectable (S/ND) MIR camera MIRLIN. Note the Airy diffraction ring on
in about 16 hours, even with no evolution (brightening) e unresolved AGN in the MIR. (Courtesy of V. Gorjian)




SpectroscopyAlthough deep MIR imaging at high spatiakpectroscopy of the CO lines, when coupled with obser-
resolution is the easiest way to obtain the initial evidengations of the galactic light profile and simple models of
for an old population of stars in a high redshift galaxy, thée stellar distribution, can be used to estimate the mass
ability to measure stellar absorption lines places the stuafythe galaxy (Shier, Rieke & Rieke 1994). By compar-
of early galaxy formation and evolution on a much moiiag the dynamical mass derived from either the Ca or CO
guantitative footing. Stellar photospheric features in tlasorption lines to that of the cold gas mass derived from
rest-frame optical and NIR produce strong absorption mnillimeter CO emission-line observations, an estimate of
the I, H and K-band spectra of galaxies. These featuthe evolutionary state of the galaxy can be made.

can be used to infer the age and metallicity of the stel-

lar population, as well as the total dynamical mass of the ) )

high redshift galaxy. The calcium IR triplet (8498, 8542.4 The Lifecycle of Interstellar Grains

8662A), visible atz > 4.8, is an excellent metallicity in-
dicator for stellar systems with ages1 Gyr. The CO
bandheads, on the other hand, can be exploited for t
sensitivity to the effective temperature of the stars. ,&?
even higher redshiftsz(> 9), traditional optical spectralS
indices such as B Mgll 5175A, and Fe 527G ¢an also
be used.

Interstellar matter provides the basic building blocks from
H/gﬂjch new solar systems like our own are made. The for-
ation of stars begins with the collapse of a dense inter-
ellar cloud core, a reservoir of dust and gas from which
the protostar and circumstellar disk are assembled. The
dust particles are typically 0.01-0uin in size, and con-
sist of silicates, oxides and carbonaceous material such as
Since young starburst galaxies (at ages of 1M’ pAHs, formed in the outflows of dying stars. In cold en-
yrs) can have unusually strong CO absorption bands di@nments, gas-phase molecules condense on the grains
to the presence of large numbers of red supergiant stajisd form an icy layer. During the evolution from their
the simple comparison of the CO band strengths wifbrmation sites in aging stellar envelopes through their
other diagnosticse(g, the adjacent By line equivalent stay in the ISM until their incorporation into new plane-
width, or the rest-frame K-band luminosity) can be used{gry systems, these solid-state species undergo a complex
estimate the most important parameters of the burst (ag&ries of physical and chemical metamorphoses. Solid-
mass fraction involved, etc. (Armuet al. 1995). The state vibration-band spectroscopy in the MIR (3+80
easiest way to gauge the overall strength of the CO lingsd longer) is thenly way to probe this dust lifecycle
is with a low resolution (R 100) MIR spectrograph. In (Fig. 13).
Arp-220-like galaxies, for example, the CO bandhead cajaneration of Dust. In the last phases of their lives, stars
be detected out to= 4 in several hours, and outIx 5 of moderate mass begin to pulsate and lose their outer lay-
in 1 day, thus allowing a search for strong CO absorpti@fs. The material ejected during this stellar death struggle
in the integrated light of galaxies during the time wheg enriched in heavy elements which have been formed
massive galaxies were first being assembled and star {gfnycleosynthesis inside stars. In the cooling outflow, a
mation was at its peak. complex chemistry develops which allows solid particles

At higher resolution, a very important application of théd condense. If the outflow is O-rich, silicates and oxides
stellar absorption-line data is to constrain the dynamice created (Fig. 14), whereas in C-rich environments car-
mass of the systems. To date, this has been one of the lkepaceous material and PAHs are formed (Fig. 15).
missing links that prevents a straightforward comparisonHowever, thermodynamic equilibrium is not always
between observations and theoretical simulations of stradeyed, and kinetic effects can play a role. PAHs are
ture formation. With this goal in mind, it is imperative thathought to be formed in the pulsation-driven shocks and
the spectra have sufficient S/N and spectral resolutiong@s excursions close to the stellar photosphere through a
measure the velocity dispersions of the stars. The calcigambustion-type chemistry. Recent ISO spectra (Figs. 14
IR triplet lines are ideal for this application. Because lit: 15) at 5-45um indicate a rich variety of amorphous and
tle is known about the mass distribution of galaxies at highystalline minerals and PAH features in late-type stars.
redshift, a resolution of R3000 would be desirable to en-CRL618 in particular has been found to be a veritable fac-
sure that late-type galaxies and protogalactic clumps wighy of exotic carbon-rich species (Fig. 15).
internal velocity dispersions as low as20-40 km s These variations, as well as the origin of the crystalline
can be detected. The NIR CO features can also be mfaterial, are not well understood at present. NGST can
fectively used for this purpose, since they are commorgyovide major advances in this area by providing spatially
the strongest stellar absorption features in the H andré&solved imaging of these features in nearby objects, and
bands of normal and starburst galaxies. High resolutibg probing the evolution of the solid-state features in more
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Figure 14. 1SO SWS spectra of the AGB star Olq
26.5+0.6, the red supergiant AFGL4106, the protoplan
tary HD161796, and the planetary nebula NGC 6302 (Ti
lenset al. 1998), illustrating the richness and variety o

MIR circumstellar silicate spectra.

distant Galactic objects and galaxies with different initial
elemental abundances. Once ejected, the composition of
carbonaceous dust is affected by exposure to intense UV
radiation, such as is experienced during the planetary neb-
ula phase and subsequently in the diffuse ISM. Generally,
the radiation ionizes PAHs and removes H from the car-
bon skeleton, leading to variations of more than a factor
of 5 in the ratios of the 8.6 /7.7 and 11.3 /um features,

and significant other changes to the 114B0spectra.
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Figure 15: ISO spectrum of CRL618. Many bands are
identified with new molecules such agh} and GHo;
many others remain to be identified. (Courtesy J. Cer-
nicharo & J. Pardo)

Incorporation into molecular clouds In the cold and
dense phase of the ISM, gas-phase molecules freeze-out
onto the grains and form an icy mantle surrounding the
silicate and carbonaceous cores. In the coldest cores,
the ices can contain the majority $0%) of the conden-
sible elementsife., C and O), and can be studied only
through absorption spectroscopy against background in-
frared sources. Most such studies to date have been per-
formed toward deeply embedded massive young stellar
objects (YSOs) and a few bright field stars that happen
to lie behind dark clouds. These field stars are the best
probes of the dust in quiescent cold clouds, where no heat-
ing or processing has yet taken place. Although SIRTF
will further such studies, the unprecedented MIR sensitiv-
ity of NGST can revolutionize this field by making such
studies possible toward hundreds of background stars in
a large variety of clouds with different physical condi-
tions, thermal histories, and dust columns. Moreover, the
ust in the earliest, deeply embedded collapse stage of

tar formation, where depletion should be at its maximum
%>_99% of the heavy elements frozen out), can be studied

sing the newly discovered Class 0 protostars as targets,
primarily at the longer MIR wavelengths, because of their
plunging MIR spectra (Fig. 20).
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W38A: INVENTORY OF ICES
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HCOOH
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Gibb, Whittet et ul. 1999
Schutte et al, 1999

Figure 16: ISO spectrum of W33 showing wealth of ice
features (Gibket al. 1998; Schuttet al. 1998).

Normalized Optical Depth

Once a young star has formed, its radiation will heat
the ices and process the material. Most of our informa-
tion to date stems from ISO observations of only a dozen

: . . S T T
very luminous high mass young stellar objects (YSOs), 14.0 145 15.0

: ) \ 15.5 16.0 16.5
whose spectra show a wealth of ice features, including

H»,0, CO, CQ, CH; and CHOH, arising in the dense Wavelength [zm]

envelope around the star (Fig. 16). NGST, with a factor

of 1000 greater sensitivity, will open up such studies tgure 17: 1SO spectra of a prominent bending mode of
young stars of all masses at all evolutionary stages, inclgs, ice, showing the re-structuring and segregation of
ing objects similar to our early Sun. Many of the featureges on grains, as a function of increasing temperature

in particular the C@ band at 13um, are very sensitive t0from low (top: T ~ 20K) to high (bottom: T~ 80K)
the thermal history of the material, in particular to the cyt anger 1999).

mulative amount of heating that the ice has experienced
(Fig. 17). Other features, such as the unidentified band at
4.62um, may be sensitive primarily to ultraviolet process- T — —— .
ing. Thus, these features could be suitable recorders foi 5[
relatively short-lived evolutionary phases of intense radi-
ation, such as FU Orionis events which signal intermittent _
high disk accretion rates in YSO’s. T, Ler

The heating of the dust also results in evaporation of
the ices, returning molecules such asCHand CHOH
back to the gas phase. These species subsequently dri
a rapid chemistry in which complex organic molecules &~
are formed. At sufficiently high resolving power (a few
thousand), NGST will be able to detect these evaporatec [
molecules directly (Fig. 18). The combination of UV ra- Lo
diation and heating of ices also leads to a more refractory e L L L
organic component, which will eventually be incorporated i 8 A i’;ﬂ o0 o2
into new solar systems.

Circumstellar disks and connection with solar system Figure 18: Upper spectrum: low-resolution (R=400) ISO
matter. The solid material in star-forming regions magpectrum of CO towards a nearby YSO. Lower spectrum:
eventually be incorporated into circumstellar disks améme spectrum at high-resolution (R=2000). The CO gas
solar system material, including comets and Kuiper-Bglhase is only evident at high resolution (Boogert 1999).
objects. The close connection between material in disks
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and comets is illustrated in Fig. 19, where a remarkabiized at submillimeter wavelengths, because the dustin an
similarity between the solid state features (PAHs and crysfalling protostellar envelope (of typical dimension a few
talline silicates) is evident. Interestingly, a fraction of ththousand AU) reaches very high extinctions, (A 400),
silicates appears to be in crystalline form in one specififfectively cutting off the spectra in the MIR (Fig. 20).
mineral, forsterite (MgSiO4). The origin of the crys-

talline material is not yet understood, but must be related i SPRCTRAL S SPLINOTE gy 688
to the heating events experienced in the disk. Spectra o s o 2 Y 9 !
other disks show a wide variety of other crystalline and R
amorphous material.

Young star HD 100546 vs. comet Hale—Bopp: [SG—8WS
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5
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T ermente Mg Figure 20: Spectrum of the prototypical Class 0 protostar
VLA1623. Such highly extincted spectra require 20 — 30
um observations for progress. (Courtesy P. Ag)dr’
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The youngest (few x 10yrs) identifiable protostars all
Figure 19: Comparison of cometary and YSO disk spectifive powerful, bipolar gas jets, which abate with age, dis-
(Waelkenset al. 1996). appearing by the time the central object has attained its
initial stellar mass. The origin of these bipolar outflows is

ISO observations have been limited to only a handfubt yet well-understood, but is clearly intimately related to
of unresolved disks around intermediate mass stars, i infall process and the transport of excess energy and
NGST will be able to image such disks in various MIRngular momentum away from the central object. In fact,
features around lower-mass, solar-type stars, and perfarig precisely the presence of the bipolar cavities exca-
absorption spectroscopy of ices and other features towaaged by protostellar outflows which will allow the direct
the highly-extinguished stars behind edge-on disks, sugétection and imaging of the thermal dust emission from
as those embedded in the proplyd disks in Orion. In suprotostars at MIR wavelengths. To date, all 45 known pro-
mary, only an MIR spectrometer on NGST will be ablgystars within 500 pc of the Sun remain either undetected
to cover the relevant wavelength range, and to provide fhethe MIR (Fig. 20), or, if detected by 1SO, appear as
sensitivity and spatial and spectral resolutions necessagak (mJy level) point sources. With an MIR capability
to probe the full lifecycle of dust from its formation in dyreaching to 3qum, NGST can revolutionize our knowl-
ing stars to its incorporation into new planetary systemsdge of the star formation process, by providing us with
our first detailed look at the highly obscured, warm (few
100K) inner dust structures closest to the central accreting
object (Figs. 21 & 22).
A protostar is an object which derives its luminosity from An imaging capability to\ ~ 30 um is crucial for dis-
the gravitational collapse of a dense, pre-stellar gas astning the infalling envelope structure of the youngest
dust cloud core. Understanding how these objects foprotostars, as demonstrated by the model depicted in Fig.
and evolve is key to understanding the formation of sing@d.. This figure shows the appearance of a nearly edge-on
and binary stars and their accretion disks, which eveninfalling protostellar source, with a 10AU radius accretion
ally give birth to extrasolar planetary systems. A decadsk, as it would appear to NGST's MIR camera at 10, 20,
ago, protostars were still considered the “Holy Grail of Irand 28um. The assumed infall rate is 2 x 1OM/year,
frared Astronomy” since direct NIR emission from a prahe total envelope extent 3000 AU, and the cone-shaped
tostar had never been found. Instead, these rare, shiiftolar cavity opening angle 20 The visual extinction
lived, and extremely obscured objects were first recatprough the envelope,\A=590, depends on the central

2.5 Protostars
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; ; " NGST studies of protostellar envelopes will be com-
2 » plementary to the information garnered with the ALMA.
e ° ’ ° @ In recent OVRO studies of protostars in Serpens, for ex-
;Z jz jz ample, it was found that the central continuum sources

~10-5 0 5 10 -10-5 0 5 10 -10-5 0 5 10 in these objects, where detected, corresponds to the en-
velope regions rather than to unresolved disks, and that
& warm (few x 100K) component, distributed over larger
%Ies than the inner few hundred AU, is required to ac-
unt for the 1.4mm continuum flux (Hogerheijdeal.
99). Such a warm, extended dust component should be
readily observable with an MIR imager on NGST, and the
state of the gas explored via MIR spectroscopy.

The relative strengths of various emission lines (espe-
object's mass, accretion disk size, and the infall rate C&lly of molecular k in the 6-28um range) indicate
quantity that has thus far eluded direct measurement. ¢ shock velocities of the material impacting the disk,
terestingly, the nascent flared disk of 10 AU radial extef¢hich provides an indication of the disk impact radius.
although completely unresolved at the assumed distafl@gether with the observed bolometric luminosity, this
of 125 pc, nevertheless projects a huge shadow, which!ggves only the product of the infall rate and the central
exceeds the physical size of the disk. Images such as tHéggct mass as an unknown. However, quantitative mod-
could be obtained in just a few hours with NGST, where&4ng of the MIR appearance of a protostar at four or more
they are impossible to obtain from the ground. wavelengths (as above) can sufficiently narrow the range
of allowable infall rates and central source masses to allow
the required order-of-magnitude improvement in measur-
ing the elusive infall rate, whose value will distinguish
amongst competing star-formation theories.

MIR imaging and spectroscopy with NGST can thus
make fundamental contributions to many outstanding
problems in star-formation, including the determination
of infall/outflow geometries, the estimation of infall rates,
the measurement of temperature, density, and grain-
property distributions in the infall region, and the elucida-
tion of formation mechanisms (single vs. binary systems).

Figure 21: Simulation of the structure of VLA1623, a
almost edge-on protostar 125 pc away, at 10, 20, and
pum (Itor). Theintegrated fluxes are 0.01, 2.6, and 1.4 m?g
(for standard interstellar dust grains (witreRAy/E(B-V)
=3.1) and an infall rate of X 107> Mu/yr.

Figure 22: False-color MIR images of the infall model

of Fig. 21, with 10/20/2&m emission in blue/green/red : ;
The redder image has R = 5.5 molecular cloud grains, t|2”|ia6 Lifecycles of Disks
bluer one standard R=3.1 interstellar grains. Eventually, adolescent stars emerge from their cloudy
wombs, allowing more direct observation of disk struc-
Multi-color imaging will also be able to discern theures. These young disks lead to planet formation, and so
evolution of dust from interstellar to protostellar graingt is vital to study such disks over a range of ages. Spec-
since the MIR colors of protostellar infall envelopes willral models suggest that as young T Tauri (TT) stars begin
be greatly affected by the dust grain properties. For ex-lose the Ha signature of disk accretion.¢., progress
ample, in Fig. 22 we show in false-color the same infdllom a “classical” to a “weak-line” TT phase), small dust
model as in Fig. 21, but for two different types of dugirains initially disappear from the inner disk. It is likely
grains: “standard” (R=3.1) interstellar grains seen in tltleat as molecular gas disappears, viscous accretion fails
diffse ISM (left) and the larger grains typical of denséo replenish grains which spiral into the star. It may also
dark clouds such as Ophiuchus (right). The larger grdie the case that the grains have aggregated into planetes-
model is clearly “redder”. Since higher extinction wilimals. As this process continues, it becomes impossible
also have some reddening effect, multi-wavelength (ite detect residual IR excesses from the ground. It may
cluding mm/submm) observations will likely be needelde that these stars have particulate disks like that around
to disentangle the effects of grain size distributions adPic, but at the distances of the nearest star-forming re-
grain types from grain column densities. gions, and at the lower temperatures commensurate with
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the environments of low-mass stars, they are far more dif-
ficult to detect. MIR imaging on NGST can excel at de-
tecting the faint infrared excess from stars at this phasg
and at resolving structure. This will fill a much-needed
gap in our understanding of the post-classical TT evolu-
tion of circumstellar disks. In addition, it will be possi-
ble to image holes and/or gaps expected in disks in which
planets form..

At ages of 18-1C yr, circumstellar material was de-
tected by IRAS around nearby (10-100 pc) A stars in the
thermal IR. A stars are brighter than low-mass stars, and
can heat material to temperatures corresponding to MIR -
wavelengths at larger radii from the star. IR images and s s
spectra of HR 4796 (cover), and submillimeter images of
Vega, Fomalhautp Pic, ande Eridani (Fig. 23) reveal
that, at this phase the disks possess inner solar-systen®
sized regions in which the density of grains is vastly re- . o
duced. These disks are ephemeral; they have persistdflgte 23: JCMT SCUBA 850m image of thee Eridani
timescales that are much smaller than the age of the J&Pris disk. (Greavest al. 1998).
tem. Itis theorized that they are maintained by collisional

actlon_wnhmfals?yjt%rg Ao ffplanets a?d planeltesm dalsl. d%‘n of the outer planets and the scattering of planetesi-
servations o , for example, reveal a radial dygl s 5cross the solar system. It is probably significant

distribution that resembles an enhanced version of QHLt life did not begin on earth until the bombardment

own solar system's zodiacal dust and Ku_iper Belt disty nded. Heavy bombardment is also a possible means of
butions. The presence of planetary bodies embedde

nfloducing much of Earth’s biospheric organics. Finall \
these disks is expected to be evident in the small sc g : g Y

$ upper limits on warm (terrestrial-temperature) dust
morphology of the dust. Azimuthal asymmetry is alrea PP ( P )

din the 1 ut ) . n indicate systems toward which the proposed Terres-
sgggeste n the 15resolution ‘JCMT SCUBA/!mages.mal Planet Finder (TPF) interferometer could preferen-
High-resolution NGST/MIR observations (at 0”"2f%so-

- : ; _ . tially detect faint flux from terrestrial planets.
lution) will be especially capable of detecting these signa- y P

tures. For disks like that around Vega, the surface bright-
ness of the dustis too low to be detectable in the MIR from
the ground, but NGST/MIR observations will be able both
to detect and resolve AU-scale details.

Disks in the 16 to severalx10° year age range are L//A
the evolutionary bridge between planet-forming disks and
remnant disks like our solar system. NGST MIR imag-
ing and spectroscopy of warm dust around main sequenci i Y
AFGK stars within 10 pc (combined with ancillary effort
to determine stellar ages) can place our system in an evo —
lutionary context, and potentially quickly reveal the dy- T e seus
namical influence of planets. The early part of this span
(1 to 5x 108 yr) corresponds to our heavy bombardment
era, during which the terrestrial zone of the planetary sys-
tem would have had a dust density a few thousand times
the present value, presenting a strong MIR signal frdrigure 24: STIS image of the warp fhPic’s disk, a tell-
collision debris. Assuming a flat age histogram10% tales of a planet. (Courtesy STScl.)
of nearby stars should fall in the heavy bombardment age
range. There is a controversy about whether this heavyAt the present age of & 10° yr, all the dust in our
bombardment was simply the tail of the planet accreti@olar system is necessarily material recently released by
process or a discrete event caused by the final construmitisions and sublimation of remnant planetesimals (as-

Righl aazenzion

Size of Plutcd Orbit
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teroids and comets). An external observer of our systédn/ Brown Dwarfs and Extrasolar Giant
could infer the presence of planetary-mass objects bothas Planets

the perturbers of asteroids and comets into crossing and ) .
star- grazing orbits, and as the cause of warps, asymmbb-stellar objects (Brown Dwarfs or BD's) with masses

tries, density waves, empty annuli, and sharp edges in {h8Ms—70M) too small to support stable H-burning have
populations of dust and dust parent bodies. One exampfen found in three environments: as companions to
is the resonant ring and wake of zodiacal dust trappedTlpre massive stars, in a high-luminosity phase in form-
the Earth’s orbit (Dermotet al. 1994), seen by IRAs andind star clusters, and as field objects in sky surveys such
COBE. A second example (Fig. 24) shows the mid-plaf@ 2MASS, Sloan, and DENIS. The field objects have
warp in thep Pic disk, modeled as being due to a Jovialli’—e_e” cla§S|f|ed intothe L dwarfand T dwarfspectral types
mass planet. Also relevant in this context is the study @firkpatricket al. 1999, Burgassest al. 1999) with effec-
our own solar system’s Kuiper belt. NGST can maket_%(e temperatures in the range 950-1500 K and Iu_m|n05|—
contribution here, but the extremely cold temperaturesifs~ 10~* Lo. While masses are hard to determine be-
the Kuiper belt make SIRTF more of a natural match. ¢ause of rapid cooling, comparisons with spectral models
(Burrowset al. 1997) suggest ages ef 0.5-5 GYr and
Disappearance of Moleculedhe bulk of the material re- masses of 2070 M Objects of still lower mass, 0.5—
siding in accretion and remnant gaseous disks is in thé My, have been found orbiting nearby stars via radial
form of molecular H. The fundamental rotational tranvelocity oscillations. What is the genesis of these ob-
sition of H, lies at 28pum, and observations of this linelects? Do brown dwarfs form via the collapse of cold,
provide direct information on the amount of warm moleélense cores that also leads to hydrogen-burning stars? Do
ular gas in star-forming regions and young disks at tefffassive planets form via agglomeration of material in a
peratures of~ 60 K or higher (Fig. 25). Subsequenprotostellar disk? How do these processes overlap? Is
transitions occur at 1gm, 12um etc. (Fig. 13), and arethere a crossover mass at which one formation process
more sensitive to warmer gas-a1000 K, such as is foundbecomes dominant? What is the physics that controls the
in gas heated by ultraviolet photons. A key program f@pPpearance and evolution of these objects? These are all
NGST can be the search for and imaging of the low-lyirfi/estions that MIR observations with NGST can address.
H> lines in circumstellar disks to constrain the gas/dudtMIR program might consist of:
ratio and so the gas dissipation time scale. Observational
constraints on this timescale are essential to test theorie$ A r(;'OdGSt. areﬁ Sky sur¥ey (_10 Si' liieg.) ?t SH?
of giant planet formation. NGST will be sensitive to gas _to ete_rmmet € mass function of the coolest objects
masses of 1° Mg at T> 100 K, and 103 My at T > inthe field down to a level of 1-5
50 K, and with multiple-line data, the disk temperature e Directed surveys at 5-1iim of nearby star-forming
structure can be mapped. regionse.g, TW Hydrae and Taurus, to look for ob-
jects smaller than 1 W

e Searches for Jupiter-mass companions of nearby
stars at 5-1¢m.

0.4 Hg S(0) , 1sosws 53 . 'B' maMinterferometer o “—_" )
‘ o i A

200 & 1.4 mm

e Spectroscopic observations to determine the physical
state of these objects.

Flux (Jy)

0.0

L Sub-stellar Mass Function. An MIR NGST could un-
2 dertake 3 surveys to investigate the distribution and evo-
) lution of brown dwarfs. Using the predicted MIR flux
| densities for BD’s of various masses and ages (Burrows
et al. 1997) and extrapolating from a dN/dM M~13
power law with 0.1 objects p& in the 75-100 M range
102 1% mietal (Reidet al.1999), it is possible to estimate (very roughly)
the limiting distances and expected BD counts that would
Figure 25: H lines detected by ISO in the GG Tau diske found in a modest NGST survey. Roughly one week
(Thi et al. 1999; Guilloteatet al. 1999). would suffice to survey 10 sq. deg. to the sensitivity lev-
els given in Table 1, resulting in the detection of thou-
sands of BD candidates with masses as low ag.5Wree

0.4[Hz (1)

Flux (J¥)

0.0 i
Guilloteau et al.
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wavelengths were selected from the Burratal. (1997) properties and to calibrate evolutionary tracks. Further,
spectra to include a bright peak afiB, a deep Chlab- the small mass of BD’s means that an invisible object
sorption band around 6+8n, and a continuum band at 10f still smaller mass will induce large reflex motions in
pum. Sub-stellar objects would stand out very clearly frothe motion of the BD. NGST should be able to detect
other stars and extra-galactic objects in color-color plas astrometric signal for objects ef 10 Earth masses

made using these wavelengths. orbiting a 10 My BD. Since only NGST can detect
these objects (they will be undetectable by a visible
Table 1. 410 sq. deg. Survey for Brown Dwarf Stars light instrument like SIM or by a background-limited IR
. SEL;“M i;“sj [1106'“3}‘ interferometer like Keck), it will be important to make
Go 120 | o 7 follow-up observations of this kind with NGST itself.
Mass | Age | Dmax |Mum: | Dmag | Mum | Dmax | MNum: Composition and Physical Conditions. The MIR is a
range | (Gyr) | (pe) | ber (pc) |:her |(pe) | ber ver ful f o d ch terizing BD
am y useful range for examining and characterizing
08512 |1 110|530 6 0 |18 2 and extrasolar giant planet (EGP) structure and composi-
5 10 1 0.2 0 1 0 : H H H H H
FYXTIE s TiE T s T5e 0 tlon_. The_ continuum across this region is provided by the
5 110|330 1 |z |20 2 collision-induced absorption of molecular tdnd possi-
-2z |1 =500 | =2x10% | 330 | 5800|330 | 5800 bly by the absorption/scattering of particulates in the at-
5 440 14104 | 100 180 [ 130 260

mospheres of these bodies. The ¢bntinuum will pro-

) . vide the best determination of the temperature structure
A second survey, for free-floating sub-stellar objects, the ypper atmospheres/photospheres of these bodies.

would be made toward nearby star-forming regions, frect constraints on the temperature structure will link

pin down the low mass cutoff of the fragmentation angl yarious equilibrium and evolutionary models of these

collapse process — after all, the collapsing core does gl giants and thus constrain the size and mass of these
know about the hydrogen-burning limit! The extra 'Ubodies, using comparisons with models (e.g. Fig. 26).

minosity of a young BD/planet more than Compensat_g%ile BDs also show the 2.pm H, collision-induced

for the increased distance to the nearest star-formatigRgamental feature, it is more likely that this feature is
regions 50-150 pc away. The brightness of a 3 Nhfiyenced by atmospheric dust particulates in the micron
BD/planet at an age of 0.1 GYr is such that the sensitivity, 4 submicron size range. The presence of such dust was

levels in Table 1 are adequate to detect such objects at g8fhonstrated in the NIR by Griffitht al. (1998) for the
pc at 5um and at 150 pc at 10m; higher mass objectsgp gjiese 229B.

of the same age are obviously brighter and easier to de-

tect. The characteristic peak g and the deep CHab- Emergent Flux for a 1 M, Object

sorption at 8im would help distinguish BD/planets from at 10 pe

background objects. ‘
Finally, NGST could be used to detect Jupiter-sized ob-

jects orbiting nearby stars. Gaidos (1998) has identified

38 G0-K2 stars with ages 1 GYr within 25 pc. Even

ignoring heating by the central star, objects as small as 1 &

M, (emitting 10pJy at 5—-1Qum at an age of 1 GYr) would

be detectable outside 5-6 Airy radii of the star (corre-

sponding to 8-20 AU orbital separations for a star 10 pc & = —

distant) with a modest coronagraphic capability. NGST A o

photometry and spectroscopy of these sources would be 1 N | e

combined with masses obtained from the SIM and Keck 1 s o n

interferometers to provide a rich data set on the physical Wavelength (j1m)

and evolutionary status of massive extrasolar planets.

Fundamental Properties of Sub-Stellar Objects. Figure 26: Emergent MIR Spectra for a Lylier object

NGST can provide unique astrometric information oft 10pc for ages of 0 1%, and 1@ years. (Burrowst

the field BDs it detects. It should be possible to centrofd. 1997).

the diffraction-limited beam of- 0.12" at 5pum to better

than 1%, or roughly 1 mas. This would suffice to make A variety of individual spectral features are also ac-

parallax measurements from which one could obtaiessible in this spectral region. These include bands of

the distance necessary to determine absolute physldgD and CH in the 6—8um region, as well as rotational

10" yrs
10° yes
10" yrs

irsky)

og,F,(1J¢
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H»O0 lines longward of 2(um. High signal-to-noise spec-eter space in which solutions can be sought. The various
tra of these features in several objects will determine Cfiptions, several of which can be described naturally as
and O/H abundances and establish the basis for modgigrades and descopes, will be touched upon as needed.
in which these constituents change with the mass and $éveral options concern detector passbands, and these are
fective temperature of the object. In addition, there isadso addressed.
band of CHD whose detection would verify the expecta-
tion of deuterium depletion in BDs and differentiate be
tween BDs and planets. Other spectral features in the
pum region include NH. Detecting NH and character-

SLIT. F3 Cold Shield

izing its abundance would either verify the temperatur SPECTRO o slpal | 1
FSM

MIR Camera/Spectrometer Block Diagram

dependent equilibrium expected betweengNid N in METER

an H-dominated atmosphere, or demonstrate disequil ColTSield
rium chemistry. Other disequilibrium species detectak FLP WA | 2
Cold Shield

in this spectral region aR ~ 1000 include GH>, CoHy

Pickoff MIR [RELAY. | pichyoid]
Mirors FOCUs

and GHg. Disequilibrium chemistry has already bee iR 5 F6 cam]a] FLIP Fw s Fpal | 3
demonstrated by the unexpectedr detection of abun- :
dant CO in the relatively cold atmosphere of Gliese 22¢  [cowmgmpn |6 SLIT. F3 comed, |

. SPECTRO Fw FPA
(Noll et al. 1997). Further spectroscopy of other faint ot METER

jects would characterize the extent to which disequilil
rium chemistry prevails in these bodies, and the extent
which it requires the upwelling or upward diffusion of ga.

from the interiors of these objects. . 27 Block di f .

While parts of this spectral range are accessible frggure 27: Block diagram of our MIR instrument con-
ground-based observatories such as Keck, BDs are ve) L ;howmg the six cqmponent modules. Note that the
faint and not likely to be characterized well spectrally (f ichroic allows for the smgltaneous use .Of both cameras

r both spectrometers to view the same field of view. The

A > 17 pm, even objects as bright as the now famili : . )

Gliese 229B are too faint for detection). For BDs in mu -?Se!'”e plan calls for separate FPAs with gac'h of the five
tiple systems and for EGPs, major advantages of NGE! ciple modules, but the dashed arrows indicate a pos-
in this spectral region will be its ability to resolve a sec le tradeoff: two spectrometer FPAS for an extra pair of

ondary body from its primary down to a limit on the ordefr”p mirrors and somewhat more complicated fold optics.

of 1-2" in the MIR, and the much reduced contrast ratio . . _
(10-3to 10~%) for EGPs. To meet the triple goals of imaging, spectroscopy and

coronagraphy, the most obvious starting point is three in-
strument modules, one for each of the functions. How-

3 The Instrument ever, because the full wavelength coverage is approxi-
mately 5 to 30um, or 2.5 octaves, optimal sampling
3.1 Design Philosophy of the focal plane calls for at least two plate scales.

Thus, our baseline design calls for two camera modules
The scientific goals outlined in the previous section camd two spectrometer modules (hereafter long- and short-
best be met with a MIR instrument with imaging, spectravavelength modules). In addition, a single coronagraphic
scopic and coronagraphic capabilities, with priorities module has been included as a separate module in the
the order given. In this section we address optical desigrmceptual phase (although it can be subsumed into the
which provide the desired MIR capabilities, and presec&imera modules in practice - see below). Because the
a viable and flexible solution. In keeping with the “proodlesired field of view for coronagraphy is small, there is
of concept” nature of a preliminary design study, we firsio need to split the passband in this case. Finally, to
broke the instrument down into six conceptual “modulesgjuickly depart the crowded telescope focal plane area, and
which meet all of the scientific goals, and optimized the provide the option of a focus mechanism, we include
designs of these modules individually. With budgetary ian initial 1:1 imaging relay as our sixth module. A func-
sues in mind, we also studied a second instrumental ctinnal block diagram of our instrument design is given in
figuration corresponding roughly to a minimum descogég. 27. Note that a dual band MIR camera design pro-
option. There are a range of tradeoffs between these tvides the flexibility to match to the various detector op-
limiting cases, which lead to a multi-dimensional parantions. As our baseline plan, we assume Si:As detectors
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for all modules. However, Si:Ga or HgCdTe detectors abe07’ and 70 for the F/6 case, and 0.14nd 140 for F/3.

also possibilities for the short wavelength module. O&or maximum efficiency, the two cameras should be able
“minimum descope” design consists of just a single caro simultaneously image the same field. To accomplish
era/spectrometer pair with an integrated coronagraph, @md, two things are necessary: an efficient dichroic, and a

a single focal plane array (FPA). 2 x 2 array of FPAs in the short wavelength camera (as
well as dual sets of readout electronics).
3.2 The Camera Modules To enable the first aspect, we have explored dichroic

beamsplitter designs. As can be seen in Fig. 28, two
At first sight, the scaling of the diffraction point spreagassbands can be observed simultaneously with high ef-
function with wavelength might suggest that a commaitiency, but the efficiency degrades at the longest wave-
image quality specification is easier to meet at the longehgths. However, commercial coaters have indicated an
MIR wavelengths than in the NIR. However, as a resdkpectation of improvement in beamsplitter design and
of the likely wavelength-independence of focal plane gserformance at the longer MIR wavelengths in the next
ray (FPA) pixel sizes, resulting from the use of a commaaw years. This is an area in which further development is
multiplexer architecture (we assume (8 pixel spacing thus warranted.
here), longer wavelengths will require smaller focal ratios The second issue concerns the differing fields of view
to match the PSF to the pixels. For example, Nyquist sa[R-the two camera modules resulting from the different
pling in the 5-1Qum range calls for an F/# of about 6~7F/#s. To provide matching 140fields in both camera
while in the 15-3Qum range, an F/# of about 3 would bgnodules (and the maximum scientific output), the num-
optimal. Thus the first challenge which a wide-field MIRyer of detector arrays in the short wavelength module can
camera design must face is the maintenance of high Stiighlincreased to a mosaic of 2 x 2 1k arrays. Indeed, inde-
ratios across the field at small F/#'s (and in an off-axis dgendent of these plate-scale and passband issues, a 2 x 2
sign in the reflective case). mosaic of detector arrays covering at least the shorter MIR
wavelengths would be a very valuable extension of the ba-
% sic strawman concept. As the cryocooler will likely have
. 3‘ i excess unused capacity (up to about 8 MIR arrays can be
i i cooled with an 11 mW cooler; Appendix), a wider field is
i certainly the simplest upgrade path from the basic single-
i array MIR strawman concept. In the most ambitious lay-
out (Fig. 27), as many as 8 FPAs would be needed.

. .
\4 vv'
Figure 28: Dichroic beamsplitters designed for splitting L=< Sesies 0.2 M PO

the MIR passband. The beamsplitter transitions corre-

spond roughly to the long wavelength cutoffs of HgCdTe
aﬂd Si:Ga%ei/ectors. ¢ g g Figure 29: Refractive design for a dual MIR camera. The

first beamsplitter shown in Fig. 28 is used to split the 5 to
In our baseline system of Fig. 27, we consider an F1® Um band.
system for the long wavelengths (15-43@), and F/6 for
the 5-15um band. The plate scales per pixel, and the The second challenge for MIR camera designs lies in
fields of view on a single 1024 1024 MIR array are then achieving full wavelength coverage with available mate-

18



rials. The next question to address is then the superiosglution arrived at from two somewhat different directions
of reflective vs. refractive camera designs. Beyond abasithe three element relay (Fig. 30). In one approach, a
15 um, non-hygroscopic transmissive dielectrics becomsatisfactory three element conic-section (Korsch) design
quite rare, so longward of 1Bn an all-reflective design iswas found (Strehl ratio, S»> 84%), while in a second

a must. However, for the shorter wavelengths, we briefipproach, conics were abandoned, and somewhat higher
examined the refractive case, and found that with a sonsgrehls were attained (S 92%). An initial 1:1 Offner re-
what more complicated design (Fig. 29) than the stralgy was assumed in the second case (Fig. 27), in order to
man case, a refractive approach could indeed achieve higiickly move the beam away from the crowded telescope
Strehl ratios & 85%) across the 5-15n range. focus, and to provide a focusing capability, but otherwise
this initial relay performs no vital optical function (and so
was not included in the other design). It may be possi-
ble to remove the relay once the crowded telescope focal
plane is better defined. The optical layout for our dual-
module, all-reflective camera configuration is presented
in Figs. 31 and 32, with the rays in one camera turned
“on” in each figure.

Positions: 1-3
nxsp30z1 Scale: 0.15 SAM  27-3ul-99

Figure 30: Overview of the optical concept: a 3-eleme =—=
camera (bottom; first surface at lower left), followed by =
3-element spectrometer (detector array at top right).

However, in addition to the more limited passband, tw
other issues also weigh in against refractive designs. e
refractive cameras, the typically high dielectric indices
of nonhygroscopic MIR materials makes good broaffigure 31: The F/3 long-wave MIR camera. The rays
band AR coatings a necessity. AR coating designs wérem the telescope arrive from the left, below the opti-
briefly examined, and it was found possible to achieeal bench pictured, and pass through the bench under the
the necessary performance levels on individual surfacgsey fold mirror near the top. The 3-element Offner re-
but as the number of lens surfaces in our acceptable ksg-can be seen at the top of the figure, the yellow beam-
lutions is large (10), cumulative losses and ghost reflesplitter in the middle, a field element at the left, and the
tions are difficult to avoid. However, more importantly3-element camera near the middle of the bench. Finally,
the lack of athermalization in designs based on mulé-filter wheel and FPA package (red rectangular box) are
ple dielectrics, combined with the complete achromatiseen. The FPA package and filter wheel are mounted on a
ity of all-reflective designs, leads to a strong preferenteermally isolated 18 K table.
for an all-reflective design for a space-borne instrument.
Diamond turning of all of the optical elements then be- A flat pickoff mirror in the telescope focal plane is lo-
comes an ideal manufacturing approach at these laszged below the plane of Figs. 31 & 32, and directs the
wavelengths, as in the reflective case the optics, mouinisoming light through the imaginary optical bench pic-
and optical bench can all be manufactured out of a corred (Fig. 33). (The optical bench shown is an artificial
mon Aluminum material. The all-reflective case thus prelement employed simply to block the ISIM mirrors from
vides for a very straightforward realization, which can bgew; it is not intended as a flight structural element). The
implemented with current technology. plane of this imaginary bench is parallel to the principle

We next pursued a variety of all-reflective camera deptical plane of the camera, and also (Fig. 34) to one of the
signs, for both the F/3 and F/6 configurations. The bas®IM side panels (one of the sides orthogonal to the NIR
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camera mounting plane). After the beam passes through
the bench, the three element Offner relay provides a re-
layed focal plane at unity magnification.

Figure 32: The F/6 camera. The rays again traverse
Offner relay, but reflect off the beamsplitter to a field ele-
ment, and thence into the lower camera. The FPA package
is represented by the purple rectangular box.

I_igure 33: Side view of the camera/spectrometer assem-
y, showing the ISIM mirrors underneath.

After the Offner (Figs. 31 & 32), the dichroic beam-
splitter splits the light in the F/24 beam. (The dichroic
beamsplitter could be removed if adjacent fields are used
and the input optics are duplicated, but this is an ineffi-
cient approach both optically and observationally). The
cameras themselves consist of field elements followed bv
three-element relays, consisting entirely of aspheric e
ments in this design (and of conics in our alternate d
sign). Filter wheels (for broadband filters and grisms) |
in a pupil just prior to the FPAs. The filter wheels are th
only unavoidable moving mechanisms in the camera mc
ules. The filter wheels are also the location at which tl
volume enclosed by the innermost cold shield (at 18 |
see below) is entered. As observation of redshifted lines &
not compatible with fixed filters, a selection of roughly 1
broadband filters (R = 3 to 10) is envisioned per came
module, targeted primarily at the broadband continuu
and at broad dust and brown dwarf spectral features.

Lightweighting of both the framework and the mirror:
is planned, and Fig. 35 shows a structural design whi
weighs in at only 60 kg. Including the structure, optics,
mounts, etc., the estimated total weight for the entire six Figure 34: The MIR instrument in the ISIM.
module MIR camera/spectrometer package is 125 kg (in-
cluding the cold ends of the coolers). The linear size of
the framework is 1.9 nx 1.6 m x 0.7 m, although the
last dimension is more typically under 0.5 m across the
bulk of the instrument (Fig. 33).
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Strehl ratio can be provided across the full 2-d field up
to resolving powers of order 50 to 100. Such a resolution
would provide a perfect match to the first-order identifica-
tion of the deepest galaxy spectra based on very broad fea-
tures such as PAHs and redshifted CO bandheads. Candi-
date grism materials for at least the shorter MIR wave-
lengths include ZnSe, Ge, and CdTe, but little work has
been done in actually implementing such devices. At
the longer MIR wavelengths, the available materials de-
crease in number, but at least one non-hygroscopic dielec-
tric (CdTe) remains available.

Two grism modes which can be envisioned: a slitless
2-d spectrometer, and a 1-d slit spectrometer. A slitless
MIR spectrometer can only be considered in the low-
background space environment, because of the overlap-

. . ) ) . ping background spectra. It would also be the simplest
Figure 35: The MIR instrument mounted on a lightweighy,sgjple spectrometer, requiring no modifications to the

framework structure. The orientation is the same as {04qic camera beyond a slight increase in the number of
Figs. 31 & 32, but the incoming beam and the ISIM Mg\ heel slots. There is thus little reason not to include
rors are now also seen through the structure. a slitless grism capability in the camera modules.

However, this is not the most sensitive case. In the
3.3 Grism Spectrometers slitless case, if the noise is background-dominated, the
background level is determined by the background in the
Many options exist for broadband MIR spectroscopy|| filter passband, and not in the grism resolution el-
including grism, grating, and Fourier-transform spegment. In this mode the sensitivity to point sources is
trometers. While a Fourier transform spectrometer tisus worse than expected from the resolving power alone,
best matched to the goal of equal signal-to-noise ragg the square root of the bandwidth ratio(this is of
(SNR) spectroscopy over a 2-dimensional field, maximugBurse true for white noise; here we ignore spectral depen-
point-source sensitivity in the background-limited casfences). However, as this mode provides spectroscopic
calls instead for a 1-dimensional dispersive spectromegg@habilities across a (non-crowded) 2-dimensional field,
(wherein one of the array’s two dimensions is used to piiere comparison is not entirely fair: in the background-
vide continuous measurement of the full spectrum). Thyigaited case, the sensitivity for slitless 2-d spectroscopy
for reasons of higher inherent sensitivity, this study f@f a given field is higher than that of a 1-d slit scan of the
cuses solely on dispersive spectrometers. same field by the factan/r)%/2, wheren is the number
One simple spectroscopic capability can be includef slit positions needed. Combined with the absence of
directly within the camera modules themselves: grisrglit losses and pointing overheads in the 2-d case, the sen-
on the camera’s filter wheel can provide a low resolvirgtivity over a 2-d field can be roughly an order of mag-
power (R =A/A\ ~ 100) spectrometer. For dark currentsitude higher in the slitless case. Thus in cases where
atthe 1 € s™* level (Stockman 1997), such a resolvingpectroscopy over a (non-crowded) 2-d field is desired,
power would lie roughly at the cross-over between thgich as e.g., “deep” galaxy fields, galaxy clusters, and the
background-limited and dark-current-limited cases, forfizlds immediately surrounding nearby stars, the slitless
wavelength of 1Qum (83.7), and so such resolving powmode is an attractive option. This is especially true at the
ers may be about optimal from a SNR perspective at thisortest MIR wavelengths, as the foreseen FPAs may very
particular wavelength. However, the transition betweeyell be dark-currentlimited for even moderate resolutions
the dark-current dominated and background dominatg3.7). In the dark- current limited regime, the sensitivity
regimes is a function of wavelength (83.7; Fig. 44), argtlvantage of a slit is gone. Nevertheless, for the ultimate
it may be possible to achieve lower dark current perfarn background-limited sensitivity on single objects (at the
mance, making the resolving power at which this transbnger wavelengths), and of course in crowded fields, a
tion occurs a variable rather than a constant. long-slit mode remains essential, and so a 1-d slit grism
Our optical analysis of the grism case reveals that frode is included in our baseline camera. Slitinsertionis a
grism spectra covering an octave of bandwidth, a highght complication of the camera design, as it introduces
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a cryogenic mechanism, but it is essential for achievitglescope can be used to position the star sequentially on
the ultimate performance in what is likely to become laoth of the two slits, no slit-changing mechanism would
workhorse mode. be needed in the simplest case. Thus, because of the large
FPA format, a resolving power of order 1000 can be ob-
tained in a fairly simple instrument without either a fine
grating drive or a slit mechanism.

Many of the MIR science goals can only be achieved
through spectroscopy at higher resolutidh=f 1000 —
3000) than a grism can supply. Our design therefore |
cludes two grating spectrometer modules, correspond
to the two camera modules. Designs based on thr
element, unity-magnification Offner relays, with conve
gratings as the middle element, were found able to m
the requirements on image blur. Our designs place i
spectrometers at the outputs of the two cameras (Figs.
36 & 37), with flip mirrors located just prior to the final
pupil image to redirect the light into the spectrometer
The existing cameras thus take care of the plate scale
duction. JPL has considerable experience with such ci
vex gratings, and they are obtainable commercially.

3.4 Grating spectrometers

Figure 37: The F/6 spectrometer. First the Offner and the
F3 camera are traversed to reduce the F/#, and then a flip
mirror prior to the filter wheel redirects the light to the
spectrometer.

As mentioned, this configuration relies on flip mirrors
to select between the camera and spectrometer modules,
and so these cryogenic mechanisms are needed in this de-
sign (unless the spectrometer fields were offset from the
camera fields, but this would call for duplication of the
reducing optics). A variety of slit widths, and so a slit-
change mechanism, might also be considered, but given
the large FPAs available, the need to change slits can
Figure 36: The F/3 spectrometer. First the Offner reldijtely be avoided by design. For example, given the large
and the F/3 camera are traversed to reduce the F/#. A figmber of pixels, a single long slit would be overly long.
mirror just prior to the pupil at the camera’s filter whegowever, with a tapered slit, a source could be positioned
redirects the light toward the 3-element spectrometer. on the slit as desired, eliminating the need for multiple

slits. In addition, an image slicer covering only a part of

Many spectrometer configurations are possible, tHwe focal plane could be accommodated in concert with
simplest being a long slit spectrograph. Integral fietapered slits. In this scenario, part of the array would pro-
spectrometers are also of considerable interest in the MURIe an integral field capability, while another would be
With Nyquist sampling of a spectrum along the full lengtéledicated to long slits, with a minimum of moving parts.
of a 1k x 1k array, and an instantaneous spectral cov-For somewhat higher resolving powers, either a grating
erage of roughly an octave (to match to typical gratirdyive, a cross-disperser (about three orders per octave), or
efficiency curves), resolving powers of order 500 can lige sequential measurement of several orders (in concert
achieved without the need for a fine grating drive mechaith order sorting filters and an appropriately blazed grat-
nism. Positioning two parallel, offset slits at diametricalling) are good possibilities. (Immersion gratings are still
opposite sides of the array could provide for a doublirgirly limited in terms of proven performance, so these are
of the resolving power in straightforward fashion. As theot considered here). In order to avoid a cryogenic, space-
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qualified grating scan mechanism, we examined both
the latter two possibilities, and found both to be fairl
straightforward to implement optically. The sequenti
measurement of orders provides for the simplest desi
but is less efficient than the cross-dispersed case.
However, while a cross-disperser is desirable for o
taining the highest spectral resolution, it is important
remember that at the higher resolving powers, the M
FPAs may be dark current limited over a significant fras
tion of the band (the short end). Use of the minimui
acceptable resolving power will thus be vital for ma»
imizing SNR, and in particular, there is no reason 1
push beyondR =~ 1000 in the dark-current limited case
(R > 3000 is not called for by the science program i
any case). Thus, at the long wavelengths, where c...

is likely to be background-limited, optimization of the _ ) o
science return and SNR occurs with a (reflective) croddgure 38: The coronagraph (in yellow), consisting of a

disperser configuration. This will only be the case f¥ed focal plane blocker, a spherical mirror, a (2-axis)
the shorter wavelengths if the FPA dark currents are fganslatable Lyot stop, a second powered optic, a filter
duced by about a factor of 50 from the strawman lev&heel, and an FPA.

of 1 e s~1. Our baseline spectrometers therefore con-

sist of R= 3000 cross-dispersed systems for both the IongHowever, as such a coronagraph would introduce an-

and short wavelength modules, in the expectation of 'Sther complete camera module and FPA into the system,
duced dark current performance (§3.7). However, to %second option is to implement the coronagraph directly

timize the short wavelength SNR, this spectrometer m(m'the existing cameras. The already existing relayed fo-

ule also includes a simpler direct R = 1000 spectromefe; g pupil planes can then be used for insertion of the

(thet.crogs—dllsp?rséer IS retplaieglby e_xrrr:urror, ar:jd attjr:ﬁergg il and focal-plane masks, at the cost of some degra-
grating is selected on a turntable). These modes then ion in performance. Indeed, it is mainly the short-

for inclusion of grating selectors (with large rotations t\%avelengths (5 -1pm) which call for coronagraphy (due

stops), as well as a gratln_g/mlrror ﬂ'p mecham;m for ﬂfS the smaller beams and higher sensitivities), and there-
short-wavelength cross-disperser/mirror selection. ObYé're only the short wavelength MIR camera would need a
ous descope options/simplifications are first to aband@ onagraphic capability. Furthermore, by going through
cros;-dispersion by going to sequentiql measuremenliﬁ) camera modules, the light could th,en be sent onward
multiple orders (W'.th prefilter qrder-sortmg), and then 3r spectrographic analysis, providing for spectroscopy of
a _next step, to retain onl_y the direct R:lQOO T“Ode- AgaWear neighbors. The combined camera/coronagraph op-
this latter mode can be implemented quite simply. tion for the short-wavelength MIR camera module thus
has significant benefits, and so this is the approach taken
in our minimum descope option. Finally, if a facility NIR
coronagraph becomes part of NGST’s instrument suite,

Because of the importance of MIR coronagraphy to ne#ffclusion of a dichroic beamsplitter and an MIR FPA in
neighbor detection and characterization (§2.7), our inst&ch @ package would also be a viable option.

ment includes a coronagraphic mode. There are several

possible i_mplementations. First, t.o mipimizg scattereflg  Detectors

light, a minimum number of reflections is desirable. As

the field needed is not very large, we have thus includedable 2 lists the detector materials with the greatest
very basic F/24 coronagraph in our design (Fig. 38), wigromise for meeting the demanding performance levels
the simplest possible optical layout (no plate scale redueguired by NGST. The doped silicon materials (Si:X) all
tion, no relay). The optical train includes only two powassume a blocked impurity band conductor (BIB) struc-
ered elements (the Offner relay is bypassed with a separe, while the mercury cadmium telluride (HgCdTe) is a
rate pickoff mirror), and provides for the placement of more traditional photovoltaic structure. The quantum well
fixed focal plane mask and a 2-axis adjustable Lyot stomterference photodiodes (QWIPs) are a relatively recent

3.5 Coronagraphy
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development. They have inherently narrower passbands |,
(10-50% is typical), lower quantum efficiencies (20%
maximum), and higher dark currents, but they may pro-
vide a viable alternative if sub-30 K cooling is not avail-

able on NGST.

Table 2: MIR Detector Materials

Quantum Yield (Absolute)

Material Wavelengths Temp. o
Si:Ga 4-17 14 "
Si:As 5-27 10 1]
Si:P 8-35 8 “
SISb 12_45 5 3 5 7 10 13 16 20 25 310 3; 40
Hgi_xCdyTe (x=0.21) 4-12 30-35 Wavelength ()

QWIP(GaAs/AlGaAs) Tunable 25-35
Figure 39: Spectral responses of Si:As and Si:P detectors
compared. The Si:As curve gives the absolute response of

Of these choices, arsenic-doped silicon (Si:As) is laylow-doping “low-background” Boeing array. The Si:P
far the most mature. Arrays of such detectors have flowarve is for a non-optimized detector.
on ISO, Spirit III/MSX, and are featured prominently
in SIRTF. Arrays with performance nearly adequate for ) )
NGST are already available; the primary deficiency is tif@Rics discussed earlier would be lost.
array format. However, 1024arrays are under develop- The detector performance required to meet the scien-
ment by several vendors. Operationally, the largest draiffic goals outlined in this report can be summarized as
back is the fact that these arrays need to be cooled tof@ipws: size> 1024; wavelength range 5-3@m, quan-
K or lower to meet the performance specifications. ~ tum “efficiency” > 70 %; dark current 0.08 e'/s for

Because the response of low doping, low backgrouRd= 100 spectroscopy and 0.02 e'sfor higher resolu-
Si:As arrays drops precipitously by aboutj2i (Fig. 39), tion spectroscopy; read noise5 e . The size and spec-
they are not suitable for observations of the 282 H, tral range requirements follow directly from the science
rotational ground state line. Should such observations@gcussion; the other are discussed below.
desirable, or if simply a longer wavelength cutoff is de-
;ired, phosphorug—dqped silicon (Si:P) is an attrac'Five op-7 Sensitivity
tion (also shown in Fig. 36). It has a response which ex-
tends to 35um and an operating temperature of 8 K, onlyo compute the background fluxes and instrument sensi-
a 2 K penalty with respect to Si:As. However, it doetivities one might expect with NGST, a model was de-
have a decreased response in the critical G#thGange. veloped which assumed the following properties: an 8-m
Antimony-doped silicon (Si:Sb) has an even longer wavitled aperture telescope, /6.5 reimaging optics, |8
length response~{ 45 um), but must be cooled to 5 Kdetector pixels, or a plate scale of 0'0ixel, 0.4 € /s
or lower to meet the dark current requirements. Si:Pdsrk current, and read noise< detector current noises.
also significantly easier to make than Si:Sb as it has gd@dhis dark current value is derived from current perfor-
gas phase carriers for deposition during epitaxy. Galliumtance levels of 12& 128 pixel FPAs, scaled to 18n
doped silicon (Si:Ga) is attractive if the coolers cannpixels, at an operating temperature of 10 K. These values
provide sub-10 K cooling but can provide 10-14 K lewan be further improved both by materials development
els. The cutoff wavelength for Si:Ga is approximately 1ii the next several years, and by lowering the operating
pum, which is adequate for a good fraction of the plannéeimperature by a degree or two). Mirrors are assumed
MIR extragalactic science, but not for the majority of thio have 98% reflectivity. The ISIM is at 40 K and has 4
galactic science. reflections before the camera including the final pick-off

HgCdTe or QWIP detectors will be required if coolingnirror. The camera is assumed to have 10 reflections. The
below 30 K is deemed infeasible. Each can be madedetector enclosure temperature is a variable, and the final
cover at least the 5 to 2Jm range with acceptable perforfilter, with 85% transmission, is the only optical element
mance, thus meeting the desire for NGST to extend to “40this temperature. Scattered light from sun shield is a
plus” um. Here again, a very large fraction of the scien@8 K graybody with an “emissivity” of 5¢10~°, and the
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zodiacal background is represented by a 266 K graybody wavelength may be implied even if the detector quan-
with emissivity = 10 through the plane of the Solar sys-  tum yield curve shows none, due to the broadening
tem, and 1/3 of that at the ecliptic poles. The spectral effects of the filters. For example, a 10% filter cen-
resolution varies as indicated, but is 10% (R=10) through tered at 28.2um would cover the range 26.8 to 29.6
the bulk of this discussion. Primary mirrors with a uni-  um, and so sensitivity arises from the 26.8 to 280
form temperature of 50 K and with a “gradient” from 40—  range even though there is zero quantum efficiency at
60 K (approximated by zones of 40, 45, 50, etc. K), along the passband center.
with a 75 K primary (which is the hottest mirror consistent
with “zodi-limited at 10um”) were also evaluated. Most 8- Compute the detected photon flux from a star of mag-
of these assumptions follow from earlier NGST studies. ~ "Nitude 0 by integrating the throughput over each filter
The model attempts to be as rigorous as possible given passband and the respective detector quantum yield.
the current state of information about the NGST config-7 - compute the approximate number of pixels con-
uration. For example, measured quantum yield curves (ained within the PSF, assumed here to be a square
for the detectors were used and integrated over to de- 2 44) /D pixels on a side.
termine photon fluxes. On the other hand, square pass-
bands were assumed for the filters. Broadly speaking, th8. Find the stellar photocurrent required to yield a
model (written in the IDL data processing language) fol- ~ signal-to-noise of 1 in 1 second when summed over
lows these general steps: that number of pixels. Invert back to Janskys, then
scale to 1@ in 10,000 seconds.

1. Compute the spectral response of the detectors and . . )
atmosphere (for comparison) over finely sampledThe results of our series of calculations are presented in

wavelength intervals (roughly R=5000). the final five figures. Fig. 40 shows the background con-
tributions for the various NGST elements and the MIR
2. Compute the optical throughput at various poing@Mmera integrated over an R=10 passband. Ignoring ini-
through the instrument tially the detector enclosure curves, dark current (at the as-
sumed 0.4 &/s level) dominates at wavelengthsb um,
3. Compute the background photon flux per pixel p&nd zodiacal light dominates for 5—-ih. A hot primary
unit wavelength from various optical elements. Thig'’5 K) would dominate all other sources at wavelengths
is given by f(\) = eAQB(A,T)/hv whereA is the 10um; with a 50 K (either single temperature or gradient)
detector pixel areaQ is the solid angle viewed by primary, the scatter from the 93 K sun shield off the pri-
that pixel, is the emissivity of a given elementjs mary and secondary into the beam could dominate if the
the frequency, anB(\, T) is the Planck function.  surfaces were rough enough. In either case, the telescope
would likely limit sensitivities ai > 18 um no matter the
4. Integrate the product of the background flux and tieenfiguration, unless it could be entirely passively cooled
detector quantum yield over all wavelengths, to yielt < 40 K. ISIM and camera optics contributions are small
electrons per second per pixel from each optical e@lempared to that of the telescope. Our results to this point
ement. For all elements closer to the array thamne thus consistent with earlier NGST studies.
the filters, the form isfy” f(A) q(A) dA whereq(A) Also shown in Fig. 40 is the contribution of the detec-
is the quantum yield of the detector. For elementsr enclosure, for various assumed temperatures. At 18—
more distant than the filters, the equation becom28 K, the effects of the enclosure begin to be seen at the
f{f f(A) g(A) dA for each filter of interest, whereshortest wavelengths. At< 10 ym, the enclosure com-
A1 is the short wavelength cuton, ahd is the long pletely dominates all other background sources for enclo-
wavelength cutoff (defined as the central wavelengghire temperatures above 22-23 K. The reason for this is
plus/minus half the spectral resolutioa.,g, for a thatthe photon flux from such an enclosure is a constant,
10.0um filter and R=10, the values are 9.5 and 10.8dependent of whatever light is impinging on the detec-
respectively). tors along the optical axis, and so is analogous to a con-
stant level dark current. This contribution may be com-
5. Sum the contributions from all elements to determipaited by integrating the product of the Planck function
the total background photocurrent generated in eaafd the unfiltered detector response (roughly 2#R%or
pixel. Plot this as a function of various filter centow doping Si:As), over & steradians. The colder the en-
tral wavelengths. Note that because of the smoottiesure (or the shorter the wavelength cutoff of the de-
ing implicit in the calculations, sensitivity at a givertector), the lower this background. Overall sensitivity is

25



Background from Various NGST Components at R=10 Sensitivity of Various NGST Configurations for R=10
T
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Figure 40: Background contributors for an R=10 pasBigure 42: Sensitivity contributors for the various tele-
band. For comparison, atmospheric and telescope emsisspe configurations of Fig. 40, at R=10. NGST will be
sion are given for an 8 m groundbased telescope. Witlower three orders of magnitude more sensitive a0
cold detector enclosure, dark current dominateafer5 than a highly optimistic estimate for a ground-based 8-m
pum, zodiacal light for 5-1@um, or 5-18um, depending telescope. The “brightest NGST source” was computed
on configuration, and the OTA for > 18 um. As the de- by finding the flux from a point source which would fill
tector enclosure temperature is raised from 18 to 25 K, ttie well at the central pixel of the PSF to 85% in the min-
enclosure emission gradually comes to dominate all othigeium 1 sec readout time.

background sources out o~ 12 to 18um.

the enclosure temperature is varied from 10 to 30 K (for an

affected in a manner exactly analogous to dark Curre{cﬁhermse dominant 50 K primary). ltis clearly desirable

that is, the quietest regionise., theshortestwavelengths 0’keep the enclosure temperature as IOV\.’ as possible—at
. ) the detector temperature is of course desirable, but a tem-
are impacted first, and most severely.

perature of up to about 18 K will not impact performance
at the shortest MIR wavelengths.

Effects of Enclosure Temperature on Sensitivity
T T T T T T T
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Figure 41: The sensitivity of NGST with a 50 K primary

mirror (no sun shield scatter), but where the enclosytgyyre 43: Sensitivity and saturation flux curves for vari-
temperature is varied. For enclosure temperatr@— s resolving powers.
25 K, the zodi limit is not reached. The steep rise at 30
Hm is due to the Si:As response falloff. Fig. 42 shows our complete sensitivity model in terms
of incident flux. The bottom two curves in violet are the
Fig. 41 shows the sensitivity degradation for R=10 asdi-limit (i.e., telescope, all optics, and the innermost en-
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closure are at absolute zero). The upper violet curve3s Thus, optimal performance in the critical 5 to [i®
through the plane (“emissivity” of 10), the lower along range requires dark currents more than an order of magni-
the pole (3x 1078). The 50 K family of curves are all tude lower than the assumed baseline, and so this should
roughly the same. The model with the 93 K sun shielik re-evaluated in light of current prognostications.
makes things a bit worse, particularly along the pole, but

not dramatically so. The 40-60 K gradient mirror is not )

significantly different from an isothermal 50 K mirror3-8  Electronics

The short wavelength deviations from the zodi limit ar; - .
due to the detector dark current and a warmer than 06(/3(9 anticipate that the detector arrays will have 4 analog

mal detector enclosure. The degradation that a 25 K (ﬁ’é'—tpms per array. These will be bufered by high stability
tector chamber would engender is quite evident: one eamps located near the MIR instrument in order to drive

r
o . .
one and a half orders of magnitude in sensitivity are Ic%gnsﬁgc?tlrso;?ctsh:rg Dl‘:gcn;l?srzetrhzag;nIel;]nfnir::erelaﬁ:;'\g (():fot?(;se
inthe 5-1Qum range with the warmer enclosure. arrays will be quite high (of order 20,000), 16-bit con-
verters will be required to adequately sample the signal.
o T T T ] The maximum internal data rate (assuming 2 cameras, or
E A 5 arrays are read simultaneously) is then 0.1 Gbit/s. This

1 digitized signal will be sent to a coadder/memory area,
where frames (potentially thousands) can be co-added to
build up signal-to-noise before downlinking.

The readout rate of low doping MIR arrays is likely to
be of order 1 second, which sets the minimum integration
length at 1 second, without subarraying or extended reset
control. For coronagraphic observations of bright stars,
faster readouts are highly desirable to avoid saturation—
] thus, subarraying is a necessity for this case. Faster read-
PV T out of the entire array may be possible, but will increase

10 100 1000 . . . .
Resolving Power (/o)) the power dissipation of the array. The longest on-chip
integrations will be set by the cosmic ray flux; a single
Figure 44: Instrumental sensitivity as a function of resolintegration should end before the number of cosmic ray
ing power for three wavelengths. For each Wave|engh‘i'§$ is significant. This time is expected to be in the range
the minumum and maximum zodi-limited performanck0 to 60 seconds, necessitating the need for 32-bit deep
are represented by the dotted lines; the predicted sys&gadders if 10,000 integrations are required before down-
performance is shown by the solid lines. At it the linking. The coadders should have built-in cosmic ray de-
system is zodi-limited only foR < 100. sensitivities at tection algorithms so that an obvious hit could be removed
higher resolutions are degraded by dark current. a5 from the data stack before it is sent down.
the system is essentially always dark current limited. AtAssuming space qualified equivalents to the best cur-
20 um, the sensitivity is always telescope-limited. rently available commercial technology are found, we es-
timate that the power dissipation for the analog preamp

Finally, Fig. 43 shows the expected sensitivity and s4tortion of the readout is of order 100 mW per output,
uration flux (see caption of Fig. 42) for various spectrafhile the A/D portion is likely to be about 400 mW per
resolving powers, under the “cold detector enclosure” ag4tput. Our most complex system (8 arrays) would thus
sumption. At the short wavelengths, dark current becongsgsume about 16 W for the readout electronics associ-
increasingly important as the resolving power is raisegted solely with our instrument. Some power is required
This can be seen even more clearly in Fig. 44, which pldgsdrive the filter wheels, but this will be a transient load
the sensitivities as a function of resolving power for thresd order a few Watts.
wavelengths. At 2Qum, the sensitivities are always back- We assume coaddition, storage, and transmission will
ground limited toR = 3000, but by the telescope rathebe handled by a common ISIM electronics bay; the power
than zodiacal background. At 10n, the system is zodi- necessary to process our data may be near 100 W (assum-
limited at resolving powers of up to about 100, and daitkg a Pentium-class processor plus memory and storage.
current limited thereafter. However, atin, the system We do not expect the total system load to exceed 150 W
is dark-current limited down to resolving powers of ordéexcluding the coolers).

1075k

1076k

Limiting Flux (Jy, 10 o, 10,000 sec)

1077 E

1078
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3.9 Descope Options Finally, a descoped version consisting simply of one cam-
) . ) era and one spectrometer module, with a common FPA,

With our modularized approach, the descope options §fgs ROM costed at Ball Aerospace at $39.5M. The dif-

clear: removal of modules (e.g. removal of spectroscopyrent estimates are thus all consistent with each other.

or reduction to 1 camera/spectrometer pair), reductions INYowever, note that these cost estimates exclude the cry-

the number of FPAs, selecting between flip mirrors angdlqgjer, which which is costed separately in the appendix
extra arrays, and shifting of detector cutoff wavelengtis $20.8M (from Phase-A to launch).

(detector types).
Of course, due to the radical sensitivity gain provided

by NGST in the MIR, as well as the huge angular resd  References
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GRASS ROOTS COST ESTIMATE FOR NGST MIR CAMERA

WBS Element Phase A |Phase B |Phase C/D | Launch |Total RY $K
1.0 Management 320 490 1417 660 2887
2.0 Science 360 760 3475 2760 7355
3.0 Systems Eng. 190 420 1216 314 2140
4.0 SR & QA 200 210 1060 230 1700
5.0 Structure/Mechanisms 285 1100 14220 425 16030
6.0 Optics 215 555 8690 245 9705
7.0 Electronics 205 800 4874 420 6299
8.0 Thermal Eng. 200 407 1444 180 2231
9.0 Software 190 390 1767 240 2587
10.0 Detectors 170 218 4275 110 4773
11.0 Reserves 245 802 8480 558 10085

Total RY $K 2580 6152 50918 6142 65792
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Appendix A: Cryocooler Optionsfor NGST MIR Detectors

A.1 Status of Cryocooler Technology for MIR Applications

The nominal operating temperature for the NGST Integrated Science Instrument Module (1SIM)

while in orbit will be in the range of 30 K to 40 K from passive. Since passive cooling becomes
extremely ineffective below 30 K, the detectors for the mid-infrared camera option will require

active cooling to lower temperatures. As shown in Table 1, there is a trade-off between the IR

detector wavelength and its operating temperature range. The broadest IR frequency range will

require the detectors to be cooled to 4 — 8 K, but significant extension of the cut-off wavelength
Is possible for cooling below ~ 15 K. The cooling loads for the <10 K detector arrays is
estimated to be about 1 mW per detector array, and less than 10 mW for up to seven detector
arrays, including parasitic heat loads.

There are two general approaches to produce the temperatures needed by the MIR detectors.
First, stored cryogens (i.e., liquid helium for T ~ 4 K or solid hydrogen for ~6.5 K to ~13 K) can

be used. While such storage dewars have been used on previous space flight missions of
duration less than 1-2 years, many issues involving mass, volume, lifetime, safety and risk
suggest that stored cryogens are inappropriate for NGST. The second approach is to use long
life closed-cycle cryocoolets Table 1 summarizes the viable choices for mechanical coolers
that will produce temperatures below ~25 K. Although multiple-staged Stirling cycle coolers
can operate below 20°Kthese mechanical coolers are very power inefficient - a small Stirling
cycle cooler would typically operdtevith a Carnot coefficient of performance of 2% at 16 K

and even less at lower temperatures. This inefficiency, common to all regeneration cycle
coolers, is associated with the regenerator heat capacity. Unfortunately, the heat capacity of
conventional regenerator materials also falls Byad the temperature decreases making it very
difficult to reach very low temperatures without using novel regenerator méterigtirling

cycle coolers are also plagued by residual vibrations over a wide frequency band. The pulse-tube
variant of Stirling cycle coolers significantly reduce electromagnetic interference and vibration
levels. A commercial laboratory 2-stage pulse-tube cryocooler has been recently arhounced
that can produce 0.5 W cooling at 4.2 K for 5.5 kW of input power. A conceptual configuration

of a 4 K pulse-tube cooler that may be adaptable for space applications has been®reported
Disadvantagesof the pulse-tube design include a slightly lower Carnot efficiency than the
Stirling cooler due to irreversibilities in the pulse tube expansion (which also exacerbates the
regeneration problems < 20 K) and integration difficulties due to the configuration of the cooler
components and the location of the cold block. Stirling and pulse-tube coolers do not scale well
for cooling capacities below 200 mW. The input power requirements for cooling to these low
temperatures are higher due to poor regenerator performance and real-gas effects. Hence, the
Stirling and pulse-tube coolers are presently not viable options for the NGST MIR detectors.

Three distinct types of cryocoolers remain as viable options for NGST-MIR coolers: (1) Joule-
Thomson (J-T) cycle coolers with sorption compressors; (2) J-T cycle coolers with mechanical
compressors; and (3) miniature Turbo-Brayton mechanical coolers. The operating temperatures
and development status for different variations of these coolers are compared in Table 1. While
the mechanical coolers would probably use only He as the refrigerant fluid, the sorption coolers
use either helium (with a charcoal pump) or hydrogen (with a metal hydride pump) over the
cooling range ~1-8 K or 8-25 K, respectively. The sorption coolers can also function in either a
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periodic mode (i.e., intermittent cooling for short times) or continuous operation to provide a
constant cold temperature.

There are presently no space flight demonstrated, long-life cryocoolers available in the
temperature range desired for MIR detectors. However, several of the coolers are in various
stages of development for cooling applications below 25 K.

1) Creare, Inc. is currently developing a two-stage 25K/6K Turbo-Brayton demonstration
cooler® under the sponsorship of the GSFC for potential NGST application. This type of
cooler” has been demonstrated for long-life engineering tests and space flight as a multi-
watt cooler at T > 65 K and asa 1 W cooler at 35 K in the laboratory®. It remains to be
demonstrated whether the Turbo-Brayton coolers can operate efficiently at low power
loads and temperatures below 30 K, since parasitic heat |osses impact scaling to smaller
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Detector Periodic Continuous continuous
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17|
18
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Table A1l. The operating temperature ranges for available mid-IR detectors along with their effective
wavelengths are compared to the temperatures provided by various cooling options. The status for the different
coolersare; POP = Proof-of-Principle by ground test, OTS = Off-the-Shelf for ground applications, SD = Space
Demonstration.
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2)

3)

4)

5.)

6.

7)

designs. Furthermore, 20 mW T-B coolers will require reduced dimensions for critical
components such as the turboalternator and heat exchanger unit, which will impose
significant manufacturing challenges for machining tolerances, etc. and increased risk of
instability during operation. Turbo-Brayton coolers also require that the waste heat be
exhausted near the point of cooling; in the case of NGST this would require about 100 W
to be rejected at 220 K from the ISIM. Technology demonstrations are planned® for late
1999 to validate operation of a minitarized turbine rotor and self-acting gas bearings with
aflight version cooler to be available in 2003.

A helium JouleThomson cycle cooler’ with a mechanical compressor has been
demonstrated at 4 K by Rutherford Appleton Laboratory/ Matra Marconi Space Ltd.
(RAL/MMYS), using a20 K Stirling upper stage cooler. It is currently being developed as
an intermediate cooler™® (with an 18 K hydrogen-sorption cooler upper stage) for the
High-Frequency Instrument on the the ESA Planck mission.

Ball Aerospace has a development project with the USAF for a hydrid 10 K cooler that
combines a helium J-T stage coupled to a three-stage Stirling cooler'*. A new type of
rotary vane compressor is being developed for the helium JT stage. Work has
concentrated on developing the He pump, with delivery of a 100 mW at 10 K
Engineering Design Model cooler planned by the end of 2000. Taking advantage of the
passive thermal cooling of the NGST ISIM to ~35 K, Ball has very recently proposed a
two-stage J-T 6 K cooler that would use independent helium and hydrogen J-T loops with
separate rotary vane compressors'?. This cooler would reject ~30 W at 220 K, near the
ISIM, and 50 W at 270 K on the spacecraft bus.

A periodic solid hydrogen sorption cooler*® (BETSCE) demonstrated cooling to 10 K
during flight operation onboard the Shuttle in May 1996. Pre- and post-flight ground
tests produced minimum temperatures down to 9.4 K. Currently, no further devel opment
of periodic solid hydrogen sorption cooling is planned.

Several organizations have built laboratory liquid hydrogen sorption coolers'**® that
operated at cooling temperatures in the range 18 K to 28 K. Currently, JPL is developing
a continuous 18-20 K-hydrogen cooler’®!” for the Planck mission. An Elegant
Breadboard (EBB) cooler is be to operating in the laboratory in 2001 with two flight units
to be delivered to Europe by 2004.

A Proof-of-Principle (PoP) demonstration of continuous formation of solid hydrogen has
been performed™® in 1993. However, no additional experimental work has been done to
demonstrate a continuous solid hydrogen sorption cooler using appropriate hydride
COMPIressors.

Helium-carbon sorption coolers are well established for periodic operation on the
ground™ and there has been use for short duration rocket flights in space®®. The
continuous He-charcoal sorption cooler has been demonstrated in the laboratory but not
yet developed for space coolers. The JPL sorption team has developed a basic design®

for 10 mW helium-charcoal coolers to operate in the 5-8 K region as part of this study.
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PoP demonstrations are planned for 2000 with demonstration of a complete cooler in
2002 using the 20K EBB hydrogen cooler as the upper stage.

Two-stage sorption coolers offer three attractive options to satisfy the temperature requirements
for MIR detectors in the NGST instrument. The low-temperature cooling requirement is
presumed to be 10 mW or less. All would use the nomina 18 K liquid hydrogen upper stage
cooler being developed for Planck. If the ISIM radiators can reject sufficient heat loads at 30 to
35 K, a substantial reduction in size, mass, and power for the hydride compressor would be
realized from the Planck cooler.

1. For cooling to the 8-14 K region, a continuous solid hydrogen metal hydride compressor
could be developed. This option requires near term development and demonstration of the
integration of the solid hydrogen J-T cryostat and low-pressure (i.e., absorption pressures
below 1 torr) sorbent bed compressors.

2. For cooling to the 5-8 K region, the sorption helium-charcoal cooler would provide the least
vibrations and should also be scaleable to smaller loads. Although many of the basic
principles of this cooler are understood and have been demonstrated, substantial technology
development is required to develop a flight-qualified continuous-cycle cooler. This option is
described more fully in the next section.

3. For cooling to the 4-8 K region, the mechanical compressor helium J-T cooler from either
RAL/MMS or Ball could be integrated to the sorption 20 K cooler. Since the RAL/IMMS
cooler is to be mounted to the Planck sorption cooler, a combination that will be fully flight
qualified by Planck, this is the least expensive, lowest risk, and most expeditious choice.
However, potential vibration issues from the mechanical helium compressors remain.

A. 2 Sorption Cooler Design for an NGST MIR Camera

System Level

A cooler system designed to provide base temperatures of 6 to 8 K will consist of two stages — a
precooler to reach ~18 K and the final low-temperature stage. Additionally, the precooler will
require precooling of the working fluid to less than ~60 K, which will be provided by passive
radiation. For the NGST ISIM cooler, the precooling temperature is expected to be 35-40 K. In

s 120

. —*— Total Sys Power (W)
14 —+— Total System Mass (kg)

P 100
12 — /
e 80 /

60

Heat Load at 6 K

40

System Mass and Power

e 20

0
0 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 1 12 0 2 4 6 8 10 12

Number of Arrays Number of Arrays

Figure Al. A) The heat lift required at 6 K as afunction of the number of detector arrays. B) the total system mass
and power as afunction of the number of detector arrays.
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Table 2. Cooler System Properties for Various 6 K Cooling Loads. For all cases the combined el ectronics package
is assumed to have a mass of 8 kg and an additional power requirement of 10 W. The radiator mass for the hydride
cooler system compressors is assumed to be 10 kg.

Heat Lift| Charcoal | Charcoal [Hydride Input| Hydride Total Total Passive Cooling
At 6 K Input Sys Mass | power (W) | System System System requirements
(W) | Power (W) (kg) (at 270 K) |Mass (kg) | Power (W) | Mass (kg) (W)
(at 18 K) At35K At270K
0.005 0.43 .56 66.4 12 76.8 30.6 0.44 66.4
0.010 0.81 .95 82.6 13.7 93.4 32.6 0.82 82.6
0.015 1.20 1.34 98.9 154 110.1 34.7 1.21 98.9

this section, we present a design for a two-stage continuous sorption cooler system capable of
achieving 6 K. Details of each of the stages will be presented separately, along with a summary
of the combined system, because either of the stages could be used separately in a combination
sorption/mechanical cooler system, as described in above.

The heat load on the low-temperature stage is expected to be < 10 mW, depending on the
number and characteristics of the specific detector arrays used in the MIR focal plane. Each
array will dissipate approximately 1 mW, with the parasitic heat leak from lead wires (~20/array,
plus 16 for temperature monitoring and control) contributing an additional 0.03 mW/array. The
heat leak through the supporting structure will also be small, assumed to be 0.16 mW
independent of the number of arrays. We expect that seven 1024x1024 arrays would require ~10
mW of heat lift at 6 K (including parasitic heat loads to a single support structure from an 18 K
precooling stage); the dependence of the cold-stage heat load on the number of detector arraysis
shownin Figure Al.

In order to provide 10 mW of heat lift, which would be sufficient for 7 detector arrays, the
complete cooler system is expected to weigh 15 kg, requiring a total input power of 83 W, with
a cooling efficiency of 8300 watts input power per watt of heat lift at 6 K. Table 2 shows the
mass and power requirements of each of the stages, as well as the complete system, for heat lift
of 5,10, and 15 mW at 6 K.

18 K Sorption Cooler

The precooler design favored in this
study is a hydrogen-sorption
refrigerator, based on the cooler in
development for the Planck
Surveyor  mission'®", The
compressor system is composed of a
number of sorbent beds, each of
which contain a LaNisgSnp2 aloy
that is capable of absorbing (and
also desorbing) a substantial amount

of Ha. Typical  operation K w0 12

temperatures are 270 K for Heat Lt ¢ 18K (m)
absorption of hydrogen and 470 K | Fiaure A2. Hvdrideinput power asafunction of heat lift.
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Figure A3. left) Scale drawing of the hydrogen sorption compressor system. The mounting plate is 500 mm x
800 mm x 7 mm. right) Scale drawing of the helium sorption cooler system design. The block containing the
compressor elements also contains the Joule-Thomson constriction for the hydride cooler. The hydrogen
precooling supply comes through the tube at the lower left. The outer block dimensions are 138 x 92 x 28 mm.

for desorption. The heat-exhausted in cooling from 470 K back to 270 K is dissipated to space
by a passive radiator located on the warm side of the spacecraft bus. The compressed hydrogen
gas produced by the compressor system is cycled through a Joule-Thomson constriction at the
cold head (~18 K) to provide precooling for the 6 K cooler and to cool the detector enclosures.
The heat removed from the 18 K stage is rejected almost entirely at the 35 K 1SIM radiator.

One of the major advantages of the hydrogen-sorption cooler is that it can be easily scaled to

meet different requirements by simply changing the length of the compressor beds. The 35-40 K

passive precooling provided by NGST will require very small compressor beds — only ~10 cm
long. This is substantially smaller than the compressors for the Planck system, and a redesign of
the mechanical support system will enable further mass and power savings. Input power as a
function of heat lift at 18 K is shown in Figure A2. A scale drawing of the Planck Sorption
cooler system (after resizing for NGST ISIM requirements) is shown in Figure A3.

For an NGST hydrogen sorption cooler, the hydrogen compressor beds would be located on the
warm side of the spacecraft bus and coupled to a passive radiator at ~270 K. The temperature
oscillations of the 270 K radiator due to cycling of the compressors are expected to be less than
+-1 K at ~1 mHz. Gas-gap heat switches completely enclose the compressor beds, shielding the
rest of the spacecraft from the 470 K compressors, and are used to couple(decouple) the
compressor beds to(from) the radiator during absorption(desorption). The outer shells of the gas
gap heat switches are tightly coupled to the radiator and remain at roughly the radiator
temperature, even when the compressor beds are at 470 K. The heat switches also function by
hydrogen sorption, but with different alloys as the sorbent material. The gas generated by the
compressors is transported to (and from) the 18 K cold head through tubes that uncoil during
deployment of the ISIM support. The transport tubes also function as a tube-in-tube heat
exchanger and are heat-sinked to the radiation shields as they pass through them from the warm
side to the cold side. A schematic of the complete system, including the low-temperature stage,
Is shown in Figure A4. The 18 K cooler can also cool the radiation shielding between the 6 K
stage and the 35 K ISIM into its acceptable range.
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6 K cooler
The 6 K COOl er funCtlonS ona prl nci ple Smi lar to tha Metal Hydride/Hydrogen Compressors (Mounted on 270 K radiator)

of the 18 K cooler, but uses carbon (charcoal) as the
sorbent material and helium as the working fluid.
Periodic charcoal-helium sorption coolers have been in
‘ SRR

common laboratory use for many years', and have
been flown on sounding-rocket flights®®. Mechanically ——
driven 10 mW Joule-Thomson coolers have already Heat Exchanger (CFHX;
been developed for flight applications®, and are i
baselined as the 4 K cooler for ESA’s Planck Surveyor  [r Hydrogen Cold Plate (18 K) |
mission. Charcoal-sorption coolers have the
advantages of simplicity, easy scalability, and zero
vibration because they have no moving parts. Low
power, closed cycle operation of a Joule-Thomson
cooler driven by charcoal compressors was
demonstrated in the laboratory more than 10 years agoﬁm@ e

by Duband". In such systems helium is physisorbed — Feium Codpae Gx)

onto the charcoal, rather than chemisorbed, and the

system is not susceptible to degradation of the sor| Figure A4. Schematic of the combined
materials due to cycling or overheating. coaler svstem

) Gas-Gap Heat Switche

Helium Compressors

The basic design of the present cooler model uses charcoal compressor beds that cycle between
80 K for desorption of the helium and 18 K for adsorption. The compressor beds are paired such
that each pair of compressors has its own Joule-Thomson constriction that can function for flow
in either direction — the gas is driven back and forth between the two compressor beds by
alternating which bed is hot and which is cold. Three pairs of beds, operating out of phase, are
used to provide continuous cooling, with the three pairs sharing a common counterflow heat
exchanger. For camera designs in which there are multiple focal planes that are spatially
separated each focal plane can be provided with its own set of compressors. Because the mass
and power requirements of the compressors scale nearly linearly with the heat lift, multiple
smaller coolers (e.g. two 5 mW coolers) are only slightly more massive and require only slightly
more power than a single 10 mW cooler. The main mass penalty is from multiple supporting
structures. The main cause of power increase will be due to the parasitic heat loads on the
multiple focal planes.

In the present design the helium is always maintained above its critical pgibtA' K, R=0.23

MPa for*He; T.=3.32 K, R=0.117 MPa foPHe), eliminating the need for reservoirs at the cold
stage to capture liquid. The design can be readily modified to allow liquid production and
capture. Heating and cooling of the beds is done with resistive heaters and gas-gap heat
switches, respectively. Sorption driven gas-gap heat switches for the 4 to 10 K temperature
range have been flown on sounding rocket flihtsSuch heat switches work by alternately
filling a narrow space between the compressor bed and the precooling stage with helium to
provide thermal conduction between the stage and compressor and removing the gas to provide
isolation. Separate small, low power (~mW) sorption pumps would be used to fill and evacuate
the gas gaps. Figure A4 shows a schematic of the charcoal-helium system coupled to a
hydrogen sorption cooler.
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Because the system has no moving parts, the failure modes are very limited; the most likely
failure is plugging of the Joule-Thomson constriction due to contamination of the helium. This
can be avoided by careful processing and handling of the system components during
manufacture. By keeping the gas from each pair of beds isolated from the others, the system
offers built-in redundancy against failure of a single subsystem. If one pair of beds fails, the
timing on the remaining pairs can be adjusted to still provide continuous cooling, at the expense
of somewhat larger temperature swings at the cold head. Micromachined check-valves are in
development at the University of Twente in the Netherlands®, in cooperation with JPL, that
would allow the complete system to operate with only a single Joule-Thomson valve. Check
valves would reduce the complexity of the plumbing (making the system topology essentially the
same as the hydrogen sorption system) at the possible expense of redundancy. If low-
temperature check valves are used, the helium charcoal gas-flow circuit in Figure A4 would be
replaced by a circuit much like that of the higher-temperature upper stage.

As shown in Table 2, a 10 mW charcoa helium cooler will require ~815 mW input power,
which must be exhausted at the 18 K precooling stage, and would have a total mass of
approximately 1 kg. Figure A3 shows preliminary designs of the hydrogen-sorption and helium-
sorption compressors, and Figure A5 shows the same design as it might fit into the ISIM. The
visible shells of the compressors beds in Figure A3 are the outsides of the gas-gap heat switches,
and remain at approximately the temperature of the 18 K cold stage. The charcoal-containing
compressor bed volumes are located inside of the gas-gap shells and are thermally isolated so
that when a compressor bed is hot (~80 K) and desorbing thereis less than 10 mW of heat leak to
the 18 K stage.

Figure A5. The lefthand figure shows how the charcoal compressor system might mount in the
ISIM. The compressor is located in the upper right of the ISIM (inside the éllipse), and the focal
plane is located dightly to the left of the compressor (circled). The figures on the right show
details at the compressor (upper) and focal plane (lower). The tubes are gas supply and return
lines. The yellow area at the focal plane indicates where the detectors would be mounted.
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ride Ct
|— Compressor Charcoal and Hydride Processing
|— Gas-Gap Charcoal and Hydride Procurement
L Gas-Gap Charcoal and HydrideCharacterization

Breadboard (DNT)

|— Compressor Mounting Structure
|— Tank and Valve Assembly

|— Low Pressure Bed

L— Pinch-off Tubes

Qualification Model/Flight Spare

[— Compressor Elements
|— Gas-Gap Switching

Gas-Gap Compressors.
|— Compressor Mounting Structure
[— Tank and Valve Assembly

L— LowPressure Bed

FlightModel

|— Compressor Elements
|— Gas-Gap Switching

Gas-Gap Compressors
|— Compressor Mounting Structure
|— Radiator Thermal Stabiization Structure

Breadboard Demonstration
Design
Fabrication and Assembly
|— Tank and Valve Assembly
L— LowPressure Bed

Breadboard (DNT)

Breadboard (DNT)

Breadboard (DNT)

|— Contaminate Traps
|— Connecting Pipes

|— Thermal Interfaces

|— HeatExchangers

|— cold End

L— cryostatCharacterization

Charadterization DAC
Cooler Simulaion Model

Avionics Models

|— Test Fixtures
|— Transportaton Fixtures

|— Instrumentand Payload Integraton Fixtures
|— Gas Supply and Filtration

L— Volume Calibration

Qualification Model/Flight Spare

Qualification Model/Flight Spare

|— Contaminate Traps
|— Connecting Pipes

|— Thermal Interfaces

|— HeatExchangers

|— cold End

L— cryostatCharacterization

ight Cold End

|— Contaminate Traps
|— Connecting Pipes

|— Thermal Interfaces

|— Heat Exchangers

|— Cold End

L— CryostatCharacterization

FlightModel

A-11

Qualificat ight Spare

Test Fixtures
Transportaton Fixtures

Instrumentand Payload Integrafon Fixtures
Gas Supply and Filtration

L— Volume Calibration

FlightModel

Test Fixtures.
Transportation Fixtures

Instrumentand Payload Integrafon Fixtures
Gas Supply and Filtration

L— Volume Calibration

Elegant Breadboard (DNT)

|— Characterization DAC
L— Cooler Simulaion Model

Qualification Model/Fiight Spare

|— Flight Electronics Simulation

|— Characterization DAC

[— Cooler Operation with Flight Electronics DAC
L— Cooler Simulaion Model

FlightModel

|— Fiight Electronics Simulation
|— Characterization

|— Cooler Operation with Flight Electronics DAC
|— Flight Support DAC

Flight Datastream Collection
Data Reduction
Command Table Generation
L— Cooler Simulaion Model

Integration and Test

Cog-E

Elegant Breadboard (DNT)

Qualification Model/Flight Spare

Compressor Activation
Compressor Characterization
Cooler Integration

Cooler Characterization
Cooler Thermal Vac Tests
CoolerVibration Test

Cooler EMI/EMC test
Compressor Pressure Test

Compressor Activation
Compressor Characterization
Cooler Integration

Cooler Characterization
Cooler Thermal Vac Tests
CoolerVibration Test

Cooler EMI/EMC test

Cooler Pressure Tests

Flight Model

Compressor Activation
Compressor Characterization
Cooler Integration

Cooler Characterization
Cooler Thermal Vac Tests
CoolerVibration Test

Cooler EMI/EMC test

Cooler Pressure Tests

Flight Support

Payload htegration and Test
Launch Plus 30 days operations



September 2001

Breadboard Charcoal Cooler using GM precooler

september 2002 Brassboard scaled Hydride cooler
september 2003 Brassboard cooler

selection CDR Deliver Flight Inst

Position Name Rate FY99 FY'00 FEY01 FY02 FY'03 FY'04 FY'05 FEY'06 FY07 Total

Phase A Phase C
PEM/Sys Engr 92 0.0 0.3 0.3 1.0 1.0 1.0 1.0 0.6 0.0 5.2
System Architect 95 0.0 0.2 0.5 0.9 0.9 0.9 0.9 0.9 0.0 5.2
Tech Devel Eng 75 0.0 1.0 1.0 0.5 0.5 0.0 0.0 0.0 0.0 3.0
brassboard Cog E 82 0.0 0.0 0.0 1.1 1.1 0.8 0.5 0.3 0.2 3.9
Compressor Cog E 95 0.0 0.0 0.0 1.2 0.6 0.4 0.4 0.2 0.2 3.0
Test Cog E 83 0.0 0.0 0.0 0.5 0.5 1.0 1.0 0.5 0.2 3.7
Mech Eng/ GSE Hardware Cog 85 0.0 0.0 0.0 1.0 1.0 1.0 0.5 0.1 0.0 3.6
Fab Engineer 83 0.0 0.5 0.5 0.5 0.6 0.5 0.2 0.1 0.0 2.9
Technician 1 60 0.0 1.0 1.0 2.0 2.0 2.0 2.0 1.0 0.2 11.2
Technician 2 55 0.0 1.0 1.0 2.0 2.0 15 0.5 0.0 0.0 8.0
GSE Electronics 75 0.0 0.0 0.0 0.6 0.7 1.2 0.6 0.2 0.0 3.3
Flight Electronics 75 0.0 0.0 0.2 15 2.0 15 1.2 0.5 0.0 6.9
Structural Engr 80 0.0 0.1 0.1 0.3 0.4 0.3 0.2 0.1 0.0 15
Design Engineer 55 0.0 0.7 0.7 1.3 0.6 0.2 0.0 0.0 0.0 3.5
Product Assurance 75 0.0 0.1 0.1 0.3 0.3 0.3 0.3 0.2 0.0 1.6
Safety Engr 75 0.0 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.0 1.1
Admin 45 0.0 0.2 0.2 0.5 0.5 0.5 0.5 0.3 0.0 2.7
Supervisor Support 20 0.0 0.2 0.2 0.4 0.4 0.4 0.3 0.3 0.0 2.2
Total FTE 0.0 5.4 5.9 15.7 14.8 13.7 10.3 5.4 0.8 72.4
Workforce Costs
DNS/EIS/Phone fees*workforce-K$/workyear 5 0.0 27.0 29.5 78.5 73.8 68.5 515 26.8 4.0 360
Salary Rate x Work Years Salary 0.0 357.6  401.1 1136.9 1067.9 1004.1 7616 4126 64.0 5206
Benefits Benefit Rate x Salary ~ 0.0424 0.0 15.2 17.0 48.2 45.3 42.6 32.3 17.5 2.7 221
Hourly Overhead Hours x Hourly Rate 27.29 0.0 306.5 3349 891.2 837.3 777.7 584.7 303.7 454 4081
General Burden Subtotal x Gen Rate 0.052 0.0 35.3 39.2 108.0 101.4 94.9 71.7 38.2 5.8 494
Total Labor (FY’'993%) 0.0 741.6 822 2263 2126 1988 1502 799 122 10362
Procurements 0.0 350.0 400 800 900 750 500 200 0 3900
Travel 0.0 10.0 10 70 70 85 100 50 30 425
Environmental Test 0.0 0.0 0 50 100 300 300 100 0 850
Reserves 20% 0.0 220.3 246 637 639 625 480 230 30 3107
Total Cost (FY’'99%) 0 1322 1478 3819 3835 3747 2882 1378 182 18644
Inflation factor 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Caltech 2.2% fee 0.022 0 30 35 93 97 99 79 40 5.08 479
Real Year Costs 0 1405 1634 4326 4512 4600 3685 1854 235.80 22251

A-12

Cost($K)

861
878
441
603
507
576
569
452
1462
1000
485
1014
229
431
235
162
303
360

10566



